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In the present work, some aspects of the role of dielectric materials when 
interacting with THz waves were investigated. The THz bandgap, which covers the 
frequencies from 100 GHz to 30 THz, has aroused great interest mainly due to its 
low energy and its good penetration capacity in some materials of daily use such as 
fabrics and plastics. The peculiar features of terahertz waves enable their 
application in various technological fields, especially as scientific tools and for 
quality control inspection. To advance in the practical application of THz radiation, 
the present doctoral thesis researched several paths.  Firstly, alternative low-cost 
methods for manufacturing THz passive components, in particular, THz polarizers 
was treated. The interest in polarization control is derived from the demand for 
greater control over the physical characteristics of THz beams. Flexible wire grid 
polarizers based on the dichroic absorption effect have been investigated. The 
polarizers have been manufactured using graphite and GaIn24.5 deployed on 
ordinary materials used as substrates (paper and polymers such as PVA and PVC). 
Through a collaboration undertaken with the Chinese research group led by 
Professor Liu at Tsinghua University, alternative manufacturing processes were 
researched.  All components were simulated through a commercial simulator based 
on the FIT finite integrals technique (CST Microwave Studio).  Secondly, the 
potential of the fixed delay technique was investigated for rapid sensing of 
homogeneous and transparent items with possible application to industrial quality 
inspection. In this scheme, the current variation of the THz beam at a specific point 
is related to the variation of its optical parameters, thus it was demonstrated the 
ability of the method in detecting voids as well as in roughly estimating their 
volumes under certain conditions.  Finally, a different approach for beam profiling 
based on a dielectric slit aperture was evaluated, as an alternative to the 
conventional methods used in the THz region and optics All measurements, both 
spectroscopy and polarization control, were made by means of a TDS-THz fibre-
based system, with photoconductive antennas (PCA), both for the generation and 
detection of THz.  





En el presente trabajo, se investigan algunos aspectos de la interacción de los 
materiales dieléctricos con ondas de THz. La banda de THz, que incluye las 
frecuencias de 100 GHz a 30 THz, ha despertado un gran interés sobre todo por su 
baja energía y su buena capacidad de penetración en materiales de uso diario como 
tejidos y plásticos. Las características peculiares de estas ondas permiten su 
aplicación en diversos campos tecnológicos, especialmente como herramientas 
científicas y para la inspección de control de calidad. Para avanzar en la aplicación 
práctica de la radiación THz, la presente tesis doctoral investigó varios caminos. En 
primer lugar, se trataron métodos alternativos de bajo coste para la fabricación de 
componentes pasivos de THz, centrándose en los polarizadores. El interés en el 
control de la polarización nace de la demanda de un mayor control sobre las 
características físicas de los haces de THz. Asimismo, se han investigado los 
polarizadores wire grid flexible basados en el efecto de absorción dicroica. Se han 
fabricado polarizadores con grafito y GaIn24,5 depositados en materiales 
ordinarios utilizados como sustratos (papel y polímeros como PVA y PVC). Mediante 
la colaboración con el grupo de investigación chino dirigido por el profesor Liu de 
la Universidad de Tsinghua, se investigaron procesos de fabricación alternativos. 
Todos los componentes se simularon mediante un simulador comercial basado en 
la técnica de integrales finitas FIT (CST Microwave Studio). En segundo lugar, se 
investigó el potencial de la técnica de fixed delay para la detección rápida de 
elementos homogéneos y transparentes con posible aplicación en la inspección de 
calidad industrial. En este esquema, la variación de corriente del haz de THz en un 
punto específico está relacionada con la variación de sus parámetros ópticos, por 
lo que se demostró la capacidad de detectar defectos, así como de estimar sus 
volúmenes bajo ciertas condiciones. Por último, un enfoque diferente para el beam 
profile basado en un slit dieléctrico fue evaluada como alternativa a los métodos 
convencionales utilizados en la región de THz y la óptica. Todas las mediciones, 
tanto la espectroscopia como el control de la polarización, se hicieron por medio 
de un sistema basado en fibra TDS-THz, con antenas fotoconductoras (PCA), tanto 
para la generación como para la detección de THz.  
Palabras clave: Terahertz, polarizadores, sensing, beam profiling, difracción.  




En el present treball, s'investiguen alguns aspectes del paper dels materials 
dielèctrics quan interactuen amb ones de THz. El bandgap de THz, que cobreix les 
freqüències de 100 GHz a 30 THz, ha despertat un gran interés principalment a 
causa de la seua baixa energia i la seua bona capacitat de penetració en alguns 
materials d'ús diari com els teixits i els plàstics. Les característiques peculiars de les 
ones de terahertz permeten la seua aplicació en diversos camps tecnològics, 
especialment com a eines científiques i per a la inspecció de control de qualitat. Per 
a avançar en l'aplicació pràctica de la radiació THz, la present tesi doctoral investiga 
diversos camins. En primer lloc, es s’han tractat mètodes alternatius de baix cost 
per a la fabricació de components passius de THz, centrant-se principalment en 
polaritzadors de THz. L'interés en el control de la polarització es deriva de la 
demanda d'un major control sobre les característiques físiques dels feixos de THz. 
Així mateix, s'han investigat els polaritzadors amb reixes de filferro flexible basats 
en l'efecte d'absorció dicroica. Els polaritzadors s'han fabricat utilitzant grafit i 
GaIn24,5 desplegats en materials ordinaris utilitzats com a substrats (paper i 
polímers com el PVA i el PVC). Mitjançant una col·laboració empresa amb el grup 
d'investigació xinés dirigit pel professor Liu de la Universitat de Tsinghua, es van 
investigar processos de fabricació alternatius. Tots els components es van simular 
mitjançant un simulador comercial basat en la tècnica d'integrals finites FIT (CST 
Microwave Studio). En segon lloc, s’ha investigat el potencial de la tècnica de retard 
fix per a la detecció ràpida d'elements homogenis i transparents amb possible 
aplicació a la inspecció de qualitat industrial. En aquest esquema, la variació actual 
del feix de THz en un punt específic està relacionada amb la variació dels seus 
paràmetres òptics, per la qual cosa es va demostrar la capacitat del mètode per a 
detectar els buits així com en l'estimació aproximada dels seus volums sota certes 
condicions. Finalment, un enfocament diferent per al perfil de feix basat en una 
obertura d'escletxa dielèctrica ha sigut avaluada, com a alternativa als mètodes 
convencionals utilitzats a la regió de THz i l'òptica.Tots els mesuraments, tant 
l'espectroscòpia com el control de la polarització, es van fer per mitjà d'un sistema 
basat en fibra TDS-THz, amb antenes fotoconductores (PCA), tant per a la generació 
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 An overview of Terahertz waves 
he frequency band ranging from 0.1 to 30 THz, known as the Terahertz 
(THz) band or far infrared, and shown in Fig. 1, keeps raising more and 
more interest among researchers of different disciplines. It is one of the 
last regions of the electromagnetic spectrum to be exploited and, being between 
the infrared and microwaves, it has a combination of features from both. 
 
Fig. 1: Sketch of the Terahertz band in the electromagnetic spectrum. 
1.1 Terahertz generation and detection 
Since recently, technology for efficient generation and detection of radiation in 
this last frontier of the spectrum was basically lacking. Thus, it was dubbed the “THz 
gap”. At both sides of the gap there were well-established technologies: 
optoelectronics and electronics. The THz region, falling in between, was not well 
suited for these approaches and new technology needed to be developed. 
T 
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THz energies are of the order of 4 meV, much lower than the electronic state 
transitions of atoms and molecules used in light sources. Thus, matter properties 
of popular materials are not adequate to downscale optical sources to emit 
radiation in the THz [1],[2]. On the other hand, microwave components could be 
redesigned to operate in this band. However similarly, semiconductors material 
bandgaps exceed the THz energies, so that using solid-state devices for THz 
generation is still challenging. 
Despite these issues, optical and electronic technologies have made remarkable 
progress to reduce this technology gap in the last three decades. Researchers came 
up with several different approaches to generate and detect THz waves, as detailed 
in the next paragraphs. 
The main methods for the generation of broadband and CW Terahertz are: 
▪ Non-linear media, as in optical rectification, Difference Frequency 
Generation (DFG), and frequency multiplication of microwaves. 
▪ Accelerated electrons, i.e. from photocurrent in a semiconductor or from 
free electrons in vacuum. 
▪ Population-inversion of two-level quantum system, such as Far-IR gas 
lasers, solid state P-type Germanium lasers and Quantum Cascade Lasers 
(QCL). 
Processes belonging to the first category obtain terahertz waves by stimulating 
second order nonlinear optical phenomena with a subpicosend response in the 
excited non-linear medium [3], [4]. Optical rectification generates DC or low 
frequency polarization when a strong laser beam propagates through a crystal [2], 
through the electrooptic effect (Pockel’s effect). While, in DFG, two continuous 
optical beams are used to generate a CW THz wave, by exploiting the same second-
order nonlinearities of electro-optical (EO) crystals. The regular alternation of the 
polarization state of the medium at the difference frequency induces the 
generation of a THz wave, with a frequency equal to the difference between the 
two lasers sources. The crucial aspect that has to be considered when applying this 
technology is to ensure phase matching in the material. Finally, nonlinearity is also 
employed in electronic devices such as non-linear diodes, where it is used to 
convert low frequency microwave signals from solid – state THz sources to their 
upshifted harmonics. 
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A completely different approach for the generation of these waves relies on the 
field emitted by accelerated charges. Transient photoconductive switches, excited 
by a broadband femtosecond pulsed laser, generate a time-varying photocurrent 
proportional to the intensity of the impinging optical pump. Thus, ultrashort optical 
pulses are converted into a few cycles of a THz wave. A similar procedure is followed 
with photomixing to generate CW THz waves, in which two sources at different 
frequencies are mixed to form an optical beat [1]. An optical beam impinges the 
gap formed by two metal electrodes deposited on a semiconductor material with 
proper carriers features. The parameters of the involved elements must be 
considered to fully understand the generations and detection THz process [5]. 
Therefore, the semiconductor material of the antenna, its geometry and the optical 
pulse are briefly discussed in the following. 
When choosing the optimum semiconductor material, four elements should be 
considered: 
▪ Carrier lifetime: it governs the first half cycle of the T-ray, since it 
determines the time needed to close the switch in the receiver. This 
parameter should be shorter than the THz pulse duration, i.e. of the order 
of sub-picosecond scale. Such short lives are obtained through a strong 
doping of the material. However, it must be considered that too many traps 
unduly affect the mobility of the charges, so it is necessary to ensure the 
balance between these two parameters. 
▪ Carrier mobility: it should be high to lead to fast rise times. 
▪ Breakdown voltage: it should be as high as possible, without damages the 
material itself. However, it is balanced by the maximum radiation power 
and the external bias.  
▪ Dark resistivity: it should be high to ensure that almost no current flow is 
present without excitation (typical values are of the order of MΩ). 
The most commonly used semiconductor materials that fulfil all these 
requirements are low-temperature-grown gallium arsenide (LT-GaAs) for excitation 
with 800 nm and InGaAs–InAlAs multilayer heterostructures for 1550 nm. New 
materials have recently been developed to enhance peak dynamic range [6].  
The antenna geometry determines the power and bandwidth of the THz beam. The 
most popular structures are stripline, dipole, and offset dipole electrodes. The 
antenna’s gap is of the order of the optical pulse spot, i.e. less than tens of microns. 
Dielectric-based Components and Methods for Terahertz Sensing 
 
4 
Finally, some consideration should be made about the role of the optical pulse:  
▪ Its duration governs the first half of the THz single cycle, because it is 
responsible of the antenna time response, plus it ensures a broad 
spectral bandwidth 
▪ The power should be calibrated as to counterbalance the screening 
effect generated by the free charge flow, that induces THz pulse 
saturation at high optical pumps. 
▪ The wavelength should be comparable with the antenna gap width. 
Broadband coherent THz radiation can also be generated from transient 
electron relativistic acceleration, achieved both by smashing a set of electrons into 
a metal target or by forcing them into a circular motion by magnetic fields [1]. 
Backward Wave Oscillators (BWOs) and Free-Electron Lasers (FELs) share the same 
CW THz generation mechanism, obtained with periodic electrons accelerations. 
BWOs are laboratory size equipment, consisting in a vacuum tube where the 
undulation of an electron beam is generated by a metal grating. On the contrary, 
FELs are large facilities since they are small-scale electron accelerators, which 
obtain the same effect with a magnetic array that varies according to distance 
which represents a severe drawback that overshadows its valuable performance 
[7].  
Finally, a third type mechanism makes use of lasing processes whose media 
transition frequencies fall into the THz spectral region. For example, Far-IR lasers 
rely on molecular rotational energy level. P-type Germanium lasers achieve THz 
broadband radiation by emission of LO-phonons. Another approach is based on 
QCL. These are semiconductor lasers in which light emission is enabled by means 
of intersubband transitions in a repeated stack of semiconductor multiple quantum 
well heterostructures [1]. In general all these solutions require cryogenic cooling 
[7], but improvements have been made in the last years both in terms of operating 
frequency and conditions [8]. 
These are generation methods which need to be matched with a detector. 
Methods for THz detection [9] can be primarily divided into incoherent or coherent 
detection, depending on if they measure both amplitude and phase of the waves 
or not. Fig. 2 shows the main detection scheme depending on their operational 
principle. 
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Fig. 2: Main detection scheme depending on their operational principle. 
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Among coherent detection methods, both pulsed and CW versions are available. 
To the first group belongs both free space electro optic sampling [10], [11], [12] and 
photoconductive (PC) sensing, in which the THz electric field is proportional 
respectively to the birefringence effect generated in a non-linear crystal and to the 
transient photocurrent induced in a PC switch, also known as photoconductive 
antenna. These components [13] are based on the inducing of a rapid time 
dependent change of a parameter of a material. The creation of charge carriers 
causes the rapid modification of the conductivity of a fast-response semiconductor 
material. The temporal derivative of the induced photocurrent is directly 
proportional to the amplitude of THz electromagnetic field. Electronic heterodyne 
schemes rely on the ability of Schottky diodes of measuring the output signal that 
is proportional to the THz amplitude. 
Another approach is based on incoherent detection schemes. Thermal sensors 
[14] record the temperature increase, a direct consequence of the absorption of 
THz. These include bolometers [15], Golay cells [1] and pyroelectric devices [1]. 
Although incoherent detectors can detect a wide range of frequencies, they are 
intrinsically slow, and the most sensitive ones require cooling to avoid the influence 
of background thermal radiation. 
The described photoconductive and nonlinear THz emitters are well suited for 
spectroscopic measurements when combined with a similar THz detector [16]. 
Among these, broadband THz generation and detection is probably the most 
widespread tool to investigate transient phenomena and to implement THz sensing 
equipment. These provide coherent phase information to simultaneously 
determine the absorption and dispersion of the sample, without using Kramers–
Kronig relations as in near-infrared spectroscopy [1]. In particular, pump – probe 
schemes, as the one illustrated in Fig. 3, are employed. It will be the basic 
experimental setup to be used through the Thesis1.  
 
 
1 The basic experimental setup used through the Thesis, and shown in Fig. 3 is an all-fiber THz-TDS system 
based on a 100 fs fiber laser (by Toptica AG), two photoconductive antennas (InGaAs/InAlAs multilayer 
heterostructures by Menlo Systems) with hyperhemispherical attached lenses and a step-wise optical delay line. 
Commercial components and control software were developed in-house. A modulation signal is set at 30 kHz 
frequency and detection is performed with a lock-in amplifier (Stanford Research). A set of four TPX lenses (bi-
convex  - L2, L3 and plano-convex – L1, L4) are used to collimate and focus the THz beam. The optical pulse travels 
along a fiber path that consists of Single Mode Fibers (SMF ) and Dispersion Compensating Fibers (DCF).  








Fig. 3: (a) Pump-probe detection scheme and (b) real measurement set up used for the 
measurements of the present work. 
In this broadband THz pump-probe setups, the THz emitter and THz detector are 
excited with fractions of the same synchronized train of femtosecond pulses, 
named pump and probe beam, respectively. The adjustment of the relative time 
delay is obtained by means of translational stages that changes the beam path. 
These optical delay lines can be both mechanical (which include point to point [6], 
[17] and voice-coil ones [18]) or implemented through opto-electronic techniques 
such as ECOPS or ASOPS [19], [20]. 
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The most general pump-probe scheme is named THz time-domain spectroscopy, 
or, in short, THz-TDS [16]. It can be based both on non-linear or photoconductive 
generation and detection, being the latter of more interest for the scope of the 
present work. The direct measurement of the field allows for the simultaneous 
measurement of both intensity and phase of the THz electric field. In addition, 
photoconductive antennas can be pigtailed. It led to robust all-fibre based 
instruments with compelling features for industrial quality control [21] and even 
centralized architectures [22]. 
The elements needed to implement a photoconductive-based THz-TDS system 
include in such schemes are photoconductive switches, a DC external bias, a current 
amplifier and a femtosecond laser as the optical pump-probe source. A brief 
overview of the roles of these elements is given in next paragraphs. 
A photoconductive (PC) switch is composed of two metal electrodes, the 
antenna structure, deposited on a semiconductor [1], [23]. The ultra-short optical 
pulse impinges impulsively into the semiconductor of the antenna gap, stimulating 
the creation of free carriers, allowed to overcome the energy bandgap and enter 
the conduction band. The increase in the number of free carriers in this band 
enables the rise of its photoconductivity. An external DC bias is applied to the 
electrodes to accelerate the charges: the photocurrent rises, while the charge 
density in the conduction band decreases, due to the semiconductor defects, which 
capture them. The resulting impulse of current gives rise to a single cycle THz 
electromagnetic field, i.e. a transient on a sub picosecond scale. The signal power 
depends on the external DC bias and on the power of the optical pump. The 
generation process can be analysed using the Lorenz-Drude model since the source 
size is much smaller than the THz wavelength generated (10 µm optical beam spot 
versus 300 µm @ 1 THz) [5], [24]. Therefore, the antenna can be approximated to 
a Hertzian dipole. Moreover, research in the field of photoconductive antennas is 
still of great interest to enhance their performance, mainly through the 
development of new dopings [6] but also the use of nanostructures is being 
pursued [25]. 
The detection mechanism [26] follows the same ground principle, yet in this case 
the optical impulse closes the switch and thus the THz pulse is sampled. On a sub-
picosecond scale, the semiconductor changes from being almost insulating to being 
conductive when the probe pulse arrives and then again insulating when the switch 
is reopened and no current flows. A high-sensitivity current amplifier is crucial to 
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detect the created current flows through the antenna gap, because of its sub 
picosecond resolution. Lenses are required to enhance the coupling of the 
generated THz from the semiconductor material to free space [27] and either 
reflective or transmissive optics configurations can be designed, so that the THz 
beam can travel towards the receiver. 
In the present work, an in-house developed all fibre-coupled system has been 
used to perform the experiments. It is based on Erbium-doped fibre lasers in the 
1550 nm band, i.e. the telecom band. Optical fibre technology is of great help in 
THz-TDS, by offering low-losses and implementations with high stability [28], [22]. 
1.2 Terahertz applications 
The aforementioned technologies reviewed in the section have allowed the 
exploitation of THz waves for plenty of sectors. Their capability of detecting both 
amplitude and phase of coherent THz radiation, makes Terahertz technology 
extraordinarily appealing for both spectroscopy and imaging applications in a wide 
range of different fields [29], of which some examples are given below. 
THz technology has opened a new window to understand different processes. It 
has been applied in the fields of chemistry [30], [31], [32] and biology [33], [34], 
[35], bioengineering and atmospheric and astronomical spectroscopy (remote 
sensing) [36]. The capability of THz radiation to penetrate on nonpolar dielectrics 
attracted considerable interest for security applications. Although the initial 
expectations of exploiting the whole THz range for security screening were not 
fulfilled, it is still used is some niche applications, such as mail screening [37]. 
Finally, another field where THz signals can make a difference is in sensing and 
quality. Terahertz based sensors offer interesting features for quality inspection 
[16], especially when it relies on all-fibre photoconductive-based technology due to 
its capability to combine compact and robust deployment with good dynamic range 
[28], [22]. Waves in this band offer submillimetre spatial resolution, being more 
appealing than microwave-based systems. Furthermore, they are non-ionizing and 
harmless for human beings. Additionally, they can detect both defects on the 
surface and within non-polar dielectrics, even providing tomographic images [1]. 
THz waves are strongly absorbed by water and humidity (water vapor has 
absorption lines that fall into the THz frequency range), and they show good optical 
penetration for dielectric materials, such as polymers, paper, cardboard and some 
fabrics, among many others. As an example, paper contains high quantities of 
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water, so THz are mostly absorbed. Nonetheless, if the sheet of paper is sufficiently 
thin, it is almost transparent. Thus, THz radiation can be used to extract parameters 
such as its composition or water content.  
These features make THz sensing very attractive for quality control of plastics, 
ceramics and compound materials, which lack practical tools for the non-
destructive inline monitoring of several key parameters. As a result, great efforts 
are being made to bring THz technology out of the laboratories to penetrate 
industrial environments, pushing the boundaries in fields such as packaging, 
automotive, aerospace or food sector. 
Thus, THz are now considered as a valuable tool for monitoring compounds [38], 
[39], [40], [41], [42], [43] and polymeric compounding processes [21], [44], [45], 
[46], [47] as well as paintmeters [48], [49], [50], [51] in which even the thickness of 
each layer can be measured individually, by recording the time of flight signals. THz 
signals are also useful for non-destructive inspection of food and agri-food products 
for foreign bodies identification, both hard and soft [52], [53], detecting 
counterfeiting in integrated circuits [54]. 
Quality control can be done through THz imaging [55], [56], [57] for which, 
recently, several techniques [58], [59] have been investigated to enhance 
resolution. On the other hand, in many industries, THz imaging may not be 
necessary and the easier detection of changes in the THz trace can reveal defects 
such as dents, delamination, voids, protrusions, etc. in relation to the reference 
sample [60]. In particular, undesired voids have a detrimental effect on the final 
material properties, leading to the shortening of the product lifecycle. 
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 Dielectric substrate-based polarizer 
n the last decades many efforts have been devoted to push THz technology 
from scientific towards  industrial applications. To contribute towards this 
goal, new systems concepts are being developed, such as fibre based THz 
systems [28]  and centralized architectures [22] for robustness and cost reduction 
respectively. In parallel, new components are also being researched from a wide 
range of areas. It includes new compact fibre-based optical sources, new 
photoconductive antennas [6] and also a plethora of passive components such as 
filters, lenses, beam splitters, absorbers, wave plates and polarizers. 
Although THz passive components bear a close similarity with their optics 
counterparts, the longer wavelength of the THz band allows for alternative 
fabrication methods with larger tolerances to achieve cost-effective devices. For 
example, this feature of THz waves has been extensively exploited to implement 
low-cost beam splitters [61], [62], [63], achromatic wave plates [64], [65],  periodic 
structures, such as polarizers [66], [67], metamaterials [68] and diffractive paper 
lens [69]. 
This chapter is devoted to investigating the feasibility of this research line but 
for the implementation of low-cost THz polarizers. THz polarimetry is a powerful 
tool to extract additional information from samples [70], [18], [71]. Polarization 
sensitive measurements are very valuable in THz sensing, for example, through THz 
polarimetry [72], [73], [74] and, in particular in the chemical and pharmaceutical 
industries [75]. They could also rapidly detect the orientation of a passive 
I 
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component polarization – dependent to ensure its use in the optimal operating 
condition, without affecting the experiment result. 
2.1 Polarizer theory 
A polarizer can be defined as a passive device that can separate a desired state 
of polarization (SOP) at its output. The ultimate polarization state of a wave after 
crossing a complex optical system can be described in terms of the mathematical 
formalism based on vectors and matrices. Polarization states of the wave are 
described in terms of vectors, whereas matrices represent the optical elements 
which transforms the input wave. In this way, each optical component has a specific 
representation in the mathematical formalism. Depending on whether the wave is 
randomly polarized, partial polarized or fully polarized, different mathematical 
parametrization should be used. Thus, Jones vectors and 2x2 Jones matrices are 
needed to represent fully polarized light. On the contrary, Stokes vectors, which 
contain both the unpolarized and polarized part of the light, and 4x4 Müller 
matrices are required to find the resulting polarization of an emerging wave after 
crossing an optical system. The resulting output could be either elliptical, circular 
or linear, the former being the most general case, and specific elements are 
necessary to manipulate these states to make them fit the experimental needs.  
Polarizers are the most suitable tools for this purpose, since they are able to 
filter some defined polarization states, discarding the unwanted waves. Although 
this goal is achieved by mean of different physical mechanisms, all polarizers take 
advantage of a specific anisotropic response of a structure or material when it is 
impinged by polarized (or unpolarized) light (see Fig. 4). 
 
 
Fig. 4: Sketch of the polarizer functioning. 
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Linear polarizers are of main interest for this work and they will be reviewed in 
detail. Different linear polarizer types have been investigated, each one relying on 
a separate physical mechanism. Fig. 5 reviews the main strategies to implement 
THz polarizers. As It can be seen, they mainly rely on dichroism, reflection and 
birefringence mechanism.  
 
2. Dielectric substrate-based polarizer 
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Fig. 5: Classification of Terahertz linear polarizers. 
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Depending on the relying physical mechanism, terminology used to describe the 
desired and unwanted polarization state is different. 
  
(a) (b) 
Fig. 6: Sketches of the nomenclature used to define the desired and unwanted polarization state 
in linear polarizer. 
Thus, for dichroic polarizers, the polarization state perpendicular to the 
extinction axis (that is, parallel to the transmission axis), named T⊥ is the passing 
wave, whereas the parallel component T‖ is the absorbed one. Generally speaking, 
a wire grid polarizer transmits TM-polarized (transverse magnetic) light with 
electric field perpendicular to the wires while it reflects TE polarization (transverse 
electric). For reflection-based linear polarizers, p -  and s- states are introduced. The 
p -  state lies in the plane of incidence, formed by the propagation direction of the 
impinging wave and the normal to the incidence surface. On the contrary, the s- 
state is perpendicular to the plane of incidence (see Fig. 6). 
There are several parameters that serve as indicators to evaluate the 
performance of a polarizer. All of them are described in terms of their transmission 
and extinction axis, perpendicular to each other. 
Linear polarizers must follow Malus’s law, which states that the irradiance that 
crosses the linear polarizer is proportional to the angle between the initial light 
polarization direction and the transmission axis: 𝐼(𝜃) = 𝐼(0)(cos𝜃)2, being 𝐼(0) 
the irradiance impinging on the polarizer. This polarizing behaviour is usually tested 
in an analyser configuration in which, besides the polarizer under test, a second 
one, called the analyser is placed in the beam path. In this case, the angle θ is the 
one formed by the transmission axis of the two polarizers and the maximum 
transmission is achieved when they are parallel (θ=0°). Other common parameters 
used to evaluate the goodness of a polarizer are: 
2. Dielectric substrate-based polarizer 
 
17 
▪ The Extinction ratio (ER), that refers to the ability to discriminate 
between the desired (T⊥) and the unwanted polarization state (T‖) in a 




▪ The Degree of Polarization (DOP), that defines how much polarized is 
light, ranging from 1 (or 100%) for a fully polarized electromagnetic 
wave or 0 to an unpolarized one. 
▪ Insertion Loss (IL), mostly due to substrate or polymer, that measures 
how much radiation is lost, due to multiple effects, when it travels 
across the device (𝐼𝐿 = 10 𝑙𝑜𝑔10𝑇⊥). 
The choice of whether use one polarizer instead of another is strongly related 
to the experiment requirements, as well as the needed performance. A briefly 
discussion on the main features of the existing polarizing devices is provided next. 
In absorptive polarizers, dichroism plays the major role in the polarization 
selection. This polarizer type is based on the property of anisotropic absorption of 
the polarization state parallel to the extinction axis, phenomenon that is induced 
by different materials or structures. Typically, the selective absorption is obtained 
by means of anisotropic single crystals. Their crystalline structure determines a 
specific direction, called the principal optical axis, that marks the crystal behaviour: 
the polarization state perpendicular to the optical axis will be strongly absorbed. 
These properties are wavelength dependent and this limits their wide application. 
Similar absorptive structures are made of oriented polymers. 
 Considerable efforts have been devoted to the implementation of absorptive 
polarizers based on periodic grid structures made of Carbon Nanotubes (CNTs). The 
anisotropic properties of CNTs derived from their large aspect ratio (the height to 
width ratio) and small diameters so that they exhibited strong linear dichroism and 
consequent strong absorption. Single, double and triple layers of SWCNT (Single 
Walled Carbon Nanotube) on substrate films have been studied  [76], [77] as well 
as thick multiwalled carbon nanotubes (MWCNTs) sheets [78]. A similar approach 
is based on aligned metal particles, for example, Ni nanoparticles in polyvinyl 
alcohol (PVA) with an hybridize structure [79]. Absorptive polarizers benefit from 
3D printing techniques that allow the fabrication of conductive optical components, 
as they enable rapid fabrication of arbitrary elements with nanocomposite-based 
microstructures. Although printing resolution and dispersion of nanomaterials in 
the matrix is still challenging, direct deposition of intrinsically conductive polymer-
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based 3D microstructures will promote their straightforward and versatile 
application [80]. 
Beam splitting polarizers, both transmissive and reflective are presented in the 
next paragraphs. The first type relies on the birefringence mechanism in which the 
ordinary and extraordinary rays are directed along different paths, as to suppress 
the unwanted polarization and transmit the desired component. In the latter, high 
reflection coefficient governs the polarizer response depending on its structure.  
Many crystalline substances belong also to this category, as long as their 
optically anisotropy translates into an anisotropy in the refractive index, called 
birefringence. These materials can work as polarizers, as long as they separate the 
ordinary from the extraordinary ray, depending on the refractive index experienced 
by each one. For example, calcite is widely employed with this purpose in the visible 
and ultraviolet (UV) range where it enables high performance, whereas, other 
anisotropic materials such as AgGaS2, are required at longer wavelengths [81]. In 
general, it is still harsh to design birefringent polarizer for the THz frequencies, since 
it is difficult to find transparent birefringent substances in this band. A common 
solution at these frequencies consists on stacking together oriented birefringence 
prisms in specific configuration, being the most common the Glan – Thompson, 
Wollaston (two calcite or quartz triangular again stuck together) and Nicol ones. 
However, these polarizer structures still fail to meet the high extinction ratio and 
the broad wavelength coverage that is of utmost importance for the THz. Li et al. 
2010 [82] tried to overcome this last shortcoming by designing a compact THz 
polarizing beam splitter based on a periodic bilayer structure, which is highly 
reflective only for TE polarization and highly transmitting for TM state. For this 
purpose, a multilayer structure was sandwiched between two infrared prisms with 
angle θ. By properly choosing the incident angle of the beam, the TM polarization 
was not reflected by the interface between the two high and low refractive indexes 
and the foreseen separation was accomplished. This was a kind of Feussner-type 
polarizer that consists in the insertion of an anisotropic media between two 
isotropic prisms as to separate the two linear polarization components, as they 
experimented two different refractive indexes. Martínez-Antón et al. 2002 [83] 
used a stretched polyethylene terephthalate (PET) film inserted into two prisms 
made of glass. Hsieh et al. [84] also worked on a similar structure, proposing a novel 
design based on the birefringence and transparency of nematic liquid crystals 
(NLCs) in the THz band. A rectangular parallelepiped of fused silica was engraved, 
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filled with NLCs and finally sealed with Teflon. Magnets were also included to 
ensure the perfect alignment of the crystals. These structures are not widely 
commercially available, probably due to their low environmental resistance or the 
fabrication difficulties. 
Finally, there are reflection-based polarizers which probably are the most 
common in laboratory and industrial applications. These include Brewster and wire 
grid models. 
Brewster polarizers can be included both in transmissive and reflection type, 
based on their operation principle. The device makes use of the different reflection 
and transmission coefficients of the orthogonal polarization states at an interface 
between two materials. The system is designed so that the incident wave impinges 
the surface at the Brewster’s angle as to entirely refracts the p-component. It can 
be shown  [85] that a cost-effective Brewster polarizer with low insertion loss (less 
than 1%) and high extinction ratio (more than 6x103) can be achieved, by using four 
inexpensive silicon wafers stuck together and arranged at Brewster’s angle, with 
results comparable to those achieved by wire grid polarizers. 
Wire grid polarizers (WGPs) are definitely the most common devices used for 
the purpose of separating two polarization states in the terahertz frequency range. 
WGPs, shown in Fig. 7,  are made of a periodic subwavelength distribution of 
parallel conductive wires either free-standing or on a substrate. The underlying 
mechanisms could involve both the reflection [1] and absorption [86] of the 
polarization state that is parallel to the wire orientation, the extinction axis, 
whereas the other one passes unaltered. In particular, a perfect-conductor wire-
grid transmits TM-polarized (transverse magnetic) light with electric field 
perpendicular to the wires while it reflects TE polarization (transverse electric) with 
electric field parallel to the wires [87].  
The key geometrical parameters that mainly govern the final quality of the 
polarization output are: 
▪ the width of the metal wire 
▪ the thickness of the metal layer 
▪ the period or pitch of the grating (intended as the centre - to - centre 
distance between two adjacent wires or the sum of the wire width and the 
spacing). 
▪ The fill factor, that is the wire to pitch ratio 
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▪ Aspect ratio (mostly in the case of metal gratings), that is the height to width 
ratio. 
Better performances are generally achieved in the THz range by grids with small 
periods and large wires, because of the high reflection degree of the unwanted 
component. However, it is worth noting that reducing the pitch size will improve 
transmission and extinction performance at the cost of increased fabrication 
complexity. 
 
Fig. 7: Sketch of wire grid polarizer. 
Free standing grids are those WGPs where there is no substrate, i.e. the wires 
are suspended on air. These achieve high extinction ratio, thanks to their low losses. 
However, they are generally expensive since the fabrication requires a rather 
sophisticated coil – winding process that make them hard to manufacture, in 
addition to the need of specific materials. The wires are usually made of tungsten 
since it has the required high tensile strength, a crucial requirement since it must 
be fixed on a rigid frame. In addition, the overall polarizer is fragile, metals suffer 
of inevitable oxidation and are susceptible to cracks. Finally, tiny spacings between 
wires are hard to fabricate when operation at very high frequencies in the THz is 
needed, which has a detrimental effect. 
Substrate-based grids. Free-standing grids have several shortcomings and 
limitations in handling and robustness. To gain in robustness, the alternative is to 
use a substrate. Fig. 8 summarizes the main advantages and drawbacks of such 
structures. 




Fig. 8: Main advantages and drawbacks of substrate – based polarizers. 
Substrates need to have low – loss and so plenty of materials transparent and 
semi-transparent to THz radiation have been examined. Among rigid substrates, 
the most popular is probably silicon wafers. It is widely employed since it is the 
standard substrate in electronic and photonic microfabrication and thus it is 
relatively cheap and compatible with high resolution deposition techniques. 
Besides, it has appealing attributes such as sufficient chemical stability and 
mechanical strength. Silicon in substrates can be in its high resistivity form or in 
porous state [88]. Typically, the wafers have a thickness between 300 [89] and 600 
µm [90] but  Huang et al. 2014 [91] succeeded in fabricating a thin-silicon film 
polarizer, whose overall thickness was less than 7.5 µm with transmission losses 
less than 0.8 dB.  
Although scientists managed to reduce silicon thickness, its high refractive index 
of 3.42 still has a detrimental effect on the final polarizer operation because it is 
responsible for Fresnel reflections on the interfaces which affects Terahertz 
transmission and introduce unwanted reflections. 
Quartz wafer [87], [92] (z-cut down to 500 µm-thick and refractive index 1.46) 
and glass (2 mm – thick and with refractive index 2.7) [93], [94] were also tested as 
promising substrate media, yet they exhibited shortcomings similar to those of 
silicon, owing to the relative high dielectric constant. 
Dielectric polymers such as polystyrene and polymethylpentene appeared to be 
able to overcome these limitations, approaching the free-standing polarizers 
performance. Cetnar et al. 2012 [95] tested polycarbonate substrate (refractive 
index 1.56) resulting in good ER, although only until 300 GHz, above which IL rose. 
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On the contrary, high density polyethylene (HDPE) is almost transparent and 
dispersionless at THz frequencies, with a refractive index of 1.526 [96]. Fast et al. 
2011 [97] proposed Mylar, a polyester film with refractive index of 1.64, as an 
attractive way to get thin films (between 3 and 5 µm thickness) and highly 
transmissive in the THz range. Among commercially available material, Shiraishi et 
al. 2015 [98] proposed Tsurupica resin with refractive index of 1.53, whereas Farid 
et al. [99] used Kapton film, a polyimide substrate (refractive index 1.5) that is 
nearly transparent at terahertz frequencies, although these materials are 
considerably more expensive. Finally, Partanen et al. 2012 [100] employed both 
cyclo – olefin copolymer (COC) with a refractive index similar to that of cyclo – olefin 
polymer (refractive index 1.53) and polymethylpentene (TPX) as base on which 
deposited the Al pattern. In parallel, there is at present a large interest in 
developing flexible components in electronics and communications, putting the 
focus on those substrates that also allow to obtain a flexible device. This trend has 
also reached higher frequencies and the field of wire grid polarizers. For example, 
in the THz range Ferraro et al. 2016 [101] obtained promising results with cyclo-
olefin Zeonor polymer, with high mechanical flexibility, negligible birefringence and 
low absorption and reflection losses., Lai et al., 2020 [102] achieved ultrathin, highly 
flexible and optically transparent THz polarizer, by using an ITO (tin doped indium 
oxide) wire grid pattern and PET films (refractive index 1.65). Other attempts were 
made with more exotic materials, such as photo sheets [66] and common papers 
(refractive index of 1.47) [103]. 
Each of the proposed substrate category has both advantages and shortcomings 
that make them more suitable to specific experimental and performance 
requirements. Nevertheless, they can be roughly compared by considering their 
affordability (including, cost, availability, ease of use and fabrication) versus their 
performance (including thinness, internal reflections, THz transparency), as 
depicted in Fig. 9. 




Fig. 9: Comparison among substrate tested materials for linear WGP. Common polymers seem to 
be more appealing than rare commercially available media, thanks to their high transparency to THz 
frequencies and the ease of achieving submillimetre thicknesses. 
In the path to achieve low-cost components, the use of ink-jet printing to 
fabricate flexible polarizers exploiting the conductive properties of metal inks have 
been researched. These inks are usually based on Silver or Aluminium nanoparticles 
[67], [66]. The former type requires a rather complex and expensive process of 
fabrication in addition to specific printers of considerable cost [66], [104]. On the 
other hand, Aluminium based inks are more affordable, but they provide lower 
performance than Silver based ones [66], because of their higher resistivity (𝜌𝐴𝑔 =
1.59𝑥10−6 Ω 𝑐𝑚 < 𝜌𝐴𝑙 = 2.65𝑥 10
−6 Ω 𝑐𝑚 [105]). 
In substrate based WGPs the need of metals with high tensile strength is 
removed and so the range of metals that can be used to implement the wires is 
expanded. Thus, plenty of metals have been tested, considering their electrical 
conductivity, availability, deposition processes and cost. Deng et al. 2012 [106], 
Shiraishi et al. 2015 [98] and Lu et al. 2016 [107] went for gold deposition, thanks 
to its large absolute value of complex refractive index and long - term chemical 
stability. Isozaki et al. 2013 [108] mixed gold with chromium (Cr/Au: 5/75 nm). On 
the other side, copper was chosen by Tian et al. 2010 [109],  Kishi et al. 2015 [110] 
and Yu et al. 2017 [111], since it had short skin depth that enabled deposition of 
extremely thin layers, being five times the skin depth of 93 nm at 0.5 THz. Despite 
the fact that both materials have the best electrical conductivity values, their high 
cost still represents a barrier in their widespread use. Silver was also considered as 
a good candidate for terahertz wire grid polarizers since it had excellent electrical 
conductivity and negligible absorption losses which compares it to gold. This 
versatile material has been used in shapes of metallized commercially available 
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Nanopaste (composed of single – dispersion metallic NPs) [112], NPs printed with 
a Dimatix DMP – 2831 printer [99], films [89] and wires [88]. With lower cost, 
Aluminium (Al) has been proposed as an affordable metal for thin metal-film 
subwavelength-grating polarizers for application from UV/visible [94], [87], [113], 
[114] to the far IR and THz frequencies [97], [115], [100], [95], [101], [93] thanks to 
its low resistivity [90] compared with tungsten or chromium in this band, the 
availability of mature deposition techniques for its manipulation (it has a low 
melting point that is insensitive to evaporator conditions [92]) and it is cheaper than 
gold or silver. However, both Aluminium and Silver have been tested with coatings. 
Huang et al. 2013 [91] coated the aluminium grid with Benzocyclobutene, BCB, to 
prevent the metal further oxidation after the deposition process and to reduce 
Fresnel reflection with the air. On the other side, Shiraishi et al. 2016 [89] deposited 
20 mm – thick layer of a-Si onto a 32 mm- thick Ag film. . 
In addition to the selection of the materials, modifications to the basic design 
can be applied to enhance ER. The most popular solution adopted so far is the 
fabrication of double layer polarizer. The most used configurations are those 





Fig. 10: From a) to d) most common polarizer arrangements to improve ER. Low losses and thin 
substrate as well as highly reflective metals are crucial to improve polarizers performance. 
In the THz frequency, Yurchenko et al. 2008 [75] proposed an assembly in which 
two parallel gratings were attached to a frame, as displayed in Fig. 10 d) bottom 
right. Isozaki et al. 2013 [108] took over the configuration and flipped the patterns 
putting them face to face (Fig. 10 a) top left). Another option was to pattern the 
wire grid on both substrate faces, as to imitate free standing structures [109], albeit 
there was an inevitable loss of ease of manipulation (Fig. 10 b) top right). 
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Nevertheless, Lu et al 2016 achieved a 60 dB ER with a similar structure [107]. 
Huang et al. 2014 [91] attained the twofold advantage of increasing performance 
and reducing Al oxidation by inserting BCB as a 2 µm-thick spacer, obtaining strong 
coupling between the two grid layers, as shown in Fig. 10 c) bottom left. Shiraishi 
et al. 2016 [89] kept on with this idea and fabricated a double grating on one side 
of the substrate, separated by a layer of a-Si. Finally, Kishi et al. 2015 [110] 
proposed an alternative polarizer consisting of laminated metal-slit array on a cyclo 
– olefin polymer film, whereas Yu et al. 2017 [111] designed and fabricated a WGP 
sealed between two Si substrates. To further improve ER without affecting 
transmission and insertion loss inherent to the substrate, there have been several 
studies regarding observation of a kind of spoof Surface Plasmons Polaritons (SPPs), 
similar to those in the optical region, in subwavelength structures in the infrared 
and terahertz bands with some differences. As explained in Cetnar et al. 2012 [95], 
a pattern of periodical wires or apertures in a metal film can actually support these 
SPPs fulfilling specific geometrical conditions. This phenomenon was studied and 
applied to boost terahertz transmission of the permitted polarization state at 
certain frequencies [116], [117]. Tiang et al, 2010 [109] excited SPPs between 0.1 – 
3 THz, frequency range in which he achieved an ER of 22 dB. by taking advantage 
of the coupling of dual micrometre pitch grating. On the other side, Middendorf et 
al. 2014 [92] achieved Extinction Ratio exceeding 60 dB by fabricating structures 
with an extremely high fill factor, approximately 90%, (usually set to 50%). 
Technology-wise, the most popular fabrication techniques for substrate-based 
THz polarizers fabrication is photolithography followed by etching mode [90], deep 
ultraviolet interference lithography [118] or nanoparticles deposition [79], 
although they have the shortcoming of being relatively expensive and complicated 
processes. 
All the efforts that have been put so far to develop optimized, robust reliable 
polarizers highlight the need of work that is still required to make these devices 
high-performance and affordable. The great variety of polarizing solutions aims at 
satisfying plenty of experimental conditions. In the following sections, scientific 
researches on this topic are presented. 
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2.2 Analysis of the THz response of a simple periodic graphite-based 
structure 
As reviewed in the previous section, several fabrication techniques and materials 
have been followed for the fabrication of THz polarizers. In this section an 
alternative low-cost approach is presented and the polarizing behaviour due to the 
dichroism effect in a periodic structure drawn using graphite-lead pencil on a 
common sheet of paper is discussed. These graphite-based periodic structures are 
characterized by standard time-domain terahertz spectroscopy (TDS-THz). Periodic 
grids of 1, 0.8- and 0.6-millimetre wire pitch are designed and studied. With the aim 
of enhancing the devised dichroism effect, different configurations are 
experimented, such as bi-layers grid, or double and triple stack grids. 
2.2.1 Graphite-based polarizer fabrication 
As previously mentioned, signals in the THz region correspond to wavelengths 
ranging from 30 µm to 3 mm, which could be defined as quasi-macroscopic. Pencil 
line widths are in the order of this wavelength range. Lead pencils are of interest 
due to the conducting properties of graphite crystal, that is estimated in 2-3 x 105 
S/m for the c-plane and in 3.3 x 102 S/m along the planes [119]. Even THz pulses 
were created by illuminating a pencil stripe on a paper with a femtosecond optical 
source [120]. Pencils with the highest content of graphite are more suitable for this 
application, so 8B lead pencils will be used in the experiment.  
Due to the transparency of the paper to the THz [65], [121] and the high graphite 
content of the pencil [122], the designed structures should behave as a conductive 
wire grid with a response in the THz frequency range.  
To investigate this hypothesis, a graphite-based polarizer was fabricated, as 
shown in Fig. 11. The pattern with the required wire periodicity d is drawn using an 
8B lead pencil on blank paper, that is used as a reference. 




Fig. 11: Optical microscope image of the 0.8 mm pitch (d) grid structure with 0.4 millimetres wire 
width (fill factor ranging from 0.5 to 0.8). Black graphite wires alternate with blank paper spacings. 
The samples are squares of 35mm x 35mm with a fill factor ranging from 0.5 and 
0.8 and a pitch of 1 mm, 0.8 mm and 0.6 mm, corresponding respectively to an 
expected maximum frequency of polarization of 300 GHz, 375 GHz and 500 GHz. 
Polarizers of larger size can be easily developed. 
2.2.2 Experimental results 
To characterize the samples, a standard transmission fibre THz-TDS setup is used 
like the one in Fig. 11 is employed. Each grid is stuck on a graduated rotational 
holder placed in the free air path of the THz beam. The angle formed between the 
polarization axis of the incoming THz beam and the grid long axis, defined as the 
axis parallel to the wire direction, in relation to which the grid is symmetrical, is set 
by rotating the grid holder. For each sample, the THz time signal is recorded at 0 
degrees (parallel condition), 45 degrees and 90 degrees (perpendicular condition). 
The relative amplitude of the THz spectra (referred to the spectrum of a blank 
sheet of paper) is displayed in Fig. 12(a). 
  
(a) (b) 
Fig. 12: (a) Frequency transmission spectra achieved by Fourier transforming the time 
dependent THz electric field. The dotted red line represents the reference blank paper signal, 
whereas the other three traces are the 90° (blue line), 45° (green line) and the 0° (purple line). (b) 
shows the variation of the frequency of maximum ER as a function of the pitch dimensions. 
As the incoming wavelength λ is much greater than the grid periodicity d, a 
difference in the relative amplitude of the spectra is noticeable, ascribable to a 
d 
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polarization effect due to the selective absorption phenomenon (dichroism effect). 
The pitch determines the maximum frequency below which the effect is relevant. 
As it can be seen in Fig. 12, a decrease of the periodicity corresponds to a shift 
towards higher frequencies of the structure bandwidth. Fig. 12(b) shows the 
extinction ratio of the structures, here described as 𝐸𝑅 = 10 𝑙𝑜𝑔10
𝑇⊥
𝑇∥
 [100], where 
⊥ and ∥ refer to the TM and TE polarization, respectively. With a single structure, 
an ER of only 3 dB is achieved (see Fig. 12(b)) which is far below the required 
features for a commercial polarizer, that is at least 20 dB [123].  
 
Fig. 13: Simulations of the graphite-based polarizer with 1 mm pitch, 0.4 mm wire width. Three 
different values were assigned to graphite conductivity as to better reproduce the low conductivity 
of the mix between clay, graphite and other materials. 
Simulations were also performed as to assess the polarizing behaviour of the 
structure see Fig. 13. The agreement between simulations and experimental results 
is bounded to limited spectral region. This behaviour is probably related to the fact 
that the polarizer is tested in its limit operational region. The dynamic range of THz 
instruments based on photoconductive antennas falls abruptly at lower 
frequencies, as it can be seen in Fig. 13 below 0.18 THz. Thus, from one side, the 
instrument is unable to measure at low frequencies, and the polarizer, being at the 
limit of operation, reduces its performance as the frequency grows. Moreover, the 
deposition process could not ensure a uniform graphite deposition or composition, 
leading to an imprecise conductivity estimation. 
The evaluation of transmission efficiency reveals a decreasing trend as the THz 
incoming wavelength becomes comparable with the grid periodicity. In addition, 
the transmission efficiency in the case of parallel condition exhibits a maximum of 
transmission for λ = d. Instead of the expected lowpass response, a bandpass 
behaviour is shown in Fig. 12, due to the bandwidth limitation of the THz 
characterization setup (low emitted power below 100 GHz). 
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Finally, the degree of polarization is analysed (DOP). Fig. 14(b) shows that the 
graphite wire grid only partially polarizes the incoming THz beam, reaching a 40% 
polarization at the frequency of maximum ER. 
  
(a) (b) 
Fig. 14:(a) Transmission efficiencies for the 0.8 mm pitch structure. The maximum transmission 
efficiency exhibits a decreasing trend as the incoming THz wavelength becomes comparable to the 
pitch dimension. In addition to this behaviour, the minimum transmission efficiency shows a 
maximum of transmission when λ = d. (b) displays the Degree of Polarization of the 800 µm pitch 
wire grid with a single layer structure. 
The good conductivity of pure graphite is affected by the presence in the pencil 
of clay and other binders. The resistivity ρ of the compound on the sheet of paper 
(measured as the averaged resistivity value of each drawn line) results to be 1694 
Ωm. This value is several orders of magnitude above the pure graphite resistivity 
value that is 7.837 x 10-6 Ωm [124] or common metals such as copper (𝜌 =
1.69 × 10−8Ω𝑚). This last value of resistivity implies skin depths that range from 
4.45 µm at 100 GHz to 2.57 µm at 300 GHz. 
Despite this poor conductivity, a polarizing behaviour can be observed. Thus, 
three different configurations have been tested for the 0.8 mm pitch pattern to 
improve its performance. The first design is obtained by depositing graphite on 
both sides of the same substrate (sheet of paper), whereas the other two structures 
are the result of sticking together two and three one-faced periodic structures, 
respectively. In these cases, particular attention is payed to superimpose them 
precisely. Results for the ER and the correspondent insertion loss, [125] are shown 
in Fig. 15. 





Fig. 15: The ER of three different structures and the corresponding IL are shown and compared 
with the basic one. The used wire grids are the 800 µm pitch. The ER value increases as the number 
of structures grows, reaching almost 10 dB. 
The increase of the ER in the three-layer structure suggests that THz polarizers 
with moderate performance could easily be developed following this very simple 
approach. To test the durability of this method, the wire grid structures have been 
measured again after one month, checking that there have been no significant 
changes in performance. 
2.2.3 Conclusion 
In this section the potential of graphite-based polarizers in the THz has been 
investigated. The display of the selective absorption phenomenon when modifying 
the angle between the polarization axis of the incoming THz beam and the long axis, 
and the displacement of its maximum frequency according to the pitch variation 
hints at a polarizer behaviour. Extinction Ratio up to 9 dB are shown using an 
extremely simple low-tech approach based on low-cost materials with an estimated 
cost of less than one dollar. 
This work was published in: M. Colleoni and B. Vidal, “Analysis of the THz 
response of a simple periodic graphite-based structure,” Opt. Express, vol. 22, no. 
24, pp. 30156 - 30160, 2014. 
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2.3 Flexible Sub-THz Metal Wire Grid Polarizer Based on an EGaIn24.5 
Alloy 
In this section, the potential for the fabrication of flexible low-cost THz polarizers 
based on conductive inks, in particular the case of eutectic alloy EGaIn24.5 on a vinyl 
acetate substrate is described. 
The EGaIn24.5 alloy shows low melting point, good wettability and high 
conductivity, resulting in a low-cost alternative to conductive inks based on metal 
nanoparticles. These properties are exploited to draw metal wire grid polarizers by 
using a technical pen on a bendable sheet of vinyl acetate monomer. This approach 
allows a quick low-tech and cost-effective implementation of flexible polarizers in 
the sub-THz band. 
2.3.1 EGaIn24.5 based polarizer fabrication: drawing 
The properties of the EGaIn24.5 alloy allows straightforward drawing of metal 
wire grids on flexible substrates using common technical pens, which behave as 
polarizers in the THz band. 
The first step in the fabrication of the metal wire grid polarizer is the preparation 
of the EGaIn24.5 metal alloy. Following the procedure described by Zheng et al. 
[126], 99.9% pure Gallium is melted in a beaker on a hot plate and then stirred with 
99.9% pure Indium with a glass rod. Metals are weighted 75.5:24.5 and they are 
kept in de-ionized water to reduce the development of oxide skin that specially 
characterizes Gallium and its alloys [127]. As the EGaIn24.5 is liquid at room 
temperature and has high surface tension, sheets of vinyl acetate monomer offer 
good adherence, avoiding the formation of droplets of alloy that can blur the result 
[104]. Technical pens with highly precise nib widths can be used to deliver the ink 
by hand on the substrate. In particular, a technical pen with 0.8 mm nib size is used 
in the experiments [128]. The inner part of the refillable pen is previously treated 
with an HCl solution, trying to remove the oxide skin that quickly forms in the metal 
alloy as it comes in contact with oxygen. Additionally, in this way, the metal ink 
surface tension is reduced, making it to flow smoothly from the pen. The 
compatibility between the amount of alloy deposited with the pen and the high 
adhesion of the chosen substrate allows a direct drawing process. Several studies 
deal with the determination of the role of the alloy oxidation, when studying its 
rheological properties [104], [127], [129]. The solid-like response of EGaIn24.5 and 
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its high wettability are actually due to the compact, stable and homogeneous oxide 
skin that quickly forms on the droplet surface when it is exposed to air, avoiding 
the oxidation of the whole alloy (i.e. the alloy naturally passivates itself). The 
expected resistivity value of the eutectic alloy at room temperature is 𝜌 =
29 𝜇Ω 𝑐𝑚 [126], [130], that is two orders of magnitude lower than that of silver-
based inks in the same environmental conditions. The actual resistivity of the alloy 
used in the experiments is determined with the four-point probe method [131]. A 
3.5 x 3.5 cm2 thin layer of the alloy is deposited by hand on an acetate sheet. The 
wire thickness is estimated to be (74.20 ± 0.02) µm, but it is affected by the nib flux, 
whereas the substrate thickness is evaluated in 0.110 mm by mean of a digital 
calliper with an accuracy of 0.001 mm and a resolution of 0.02 mm. Repeated 
measurements are taken in five different areas of the same sample to determine 
the homogeneity of the deposition process. The measurements provide a resistivity 
value of 𝜌 = (167 ± 24)𝜇Ω 𝑐𝑚. The deviation from the expected theoretical value 
is probably due to an excess of Gallium oxide in the alloy. 
 
Fig. 16: Photograph of the bendable nominal 500 µm pitch metal wire grid polarizer, with wire 
width ranging from 100 µm to 300 µm and a fill factor from 0.2 to 0.6, based on EGaIn24.5 alloy on an 
acetate vinyl monomer sheet. b) Optical microscope image of the same structure. 
Fig. 16 shows the periodic structure developed with the proposed technique. 
Wires approximately 270 µm wide and 3.5 cm long and with a nominal 
periodicity of 500 µm is drawn on a vinyl acetate sheet. Wire and pitch standard 
deviation are estimated in approximately 23% and 24% of the nominal value. In 
order to achieve a polarizing behaviour based on the selective absorption 
phenomenon, i.e. the dichroism effect, a pitch lower than the incoming waves is 
required [79], [90]. 
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2.3.2 Experimental results  
To test the performance of the periodic structure as a polarizer the metal wire 
grid is stuck on a rotational holder and the transmission at normal incidence is 
analysed using a conventional all-fibre TDS-THz time domain spectroscopy setup, 
as the one pictured in Fig. 3. Measurements were performed with a single polarizer 
placed in the focus point of the optical system, consisted on four THz TPX lenses, 
plano-convex and bi-convex types. Fig. 17 compares the temporal waveforms of the 
substrate and a single polarizer in parallel and perpendicular orientations. The 
parallel configuration describes the one in which the angle formed by the long axis 
of the grid and the incoming THz electric field is 0 degrees, whereas in the 
perpendicular configuration this angle is 90 degrees. 
 
Fig. 17: Current signals comparison among the bare vinyl substrate and the signals of both 
perpendicular and parallel polarization. 
The polarizer performance is expressed in terms of ER. Fig. 18 shows the 
transmittance of bare vinyl acetate, that is mostly transparent in the considered 
band. 




Fig. 18: Comparison of transmittance of both perpendicular and parallel configurations and the 
substrate of the 500 µm wire pitch structure in the 0.1 - 0.6 THz frequency range. Inset: Normalized 
transmittance as a function of the angle between the transmission axis of the polarizer and the 
incoming THz electric field at 100 GHz and Malus’ law. 
A higher transmission coefficient is detected when the angle formed by the long 
axis of the grid (parallel to the wire direction) and the incoming THz electric field is 
90 degrees, whereas a lower trend is achieved when the two directions are at 0 
degrees. The inset of Fig. 18 shows the angular dependency of the transmittance, 
following Malus’ law. Fig. 19 shows the corresponding ER trace in the frequency 
range between 0.1 and 0.6 THz. 
 
Fig. 19: Solid line: measured extinction ratio of the wire grid structure drawn with a target 500 
µm pitch pattern in the 0.1 - 0.6 THz frequency range. Dashed: simulations of a wire grid structure 
with irregularities both in the wire and pitch lengths. 
The ER reaches up to 20 dB, comparable with results collected in [123]. As 
expected, it reflects the transmittance behaviour in addition to a decay as the wire 
periodicity becomes of the order of the incoming THz wavelength. At low 
frequencies, the ER cannot be measured due to the very low power emitted by 
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photoconductive antennas below 50 GHz. Simulations were performed with a FDTD 
simulation tool (CST Microwave Studio), for terahertz frequencies in Normal 
background condition. The measured optical parameters of the substrate and the 
alloy conductivity, as well as the irregularity of the wire width and pitch were also 
considered. To test the durability of the device, the polarizer went through a second 
set of measurements after a two-week period of exposition to air. No significant 
change in the ER evolution is seen. The ER shows just a small decrease of its 
maximum (less than 1 dB) and the bandwidth is roughly the same. The capability to 
bend the polarizer has been studied following [132], where it was shown that 
bending a polarizer introduces Rayleigh-Wood anomalies that might degrade its 
performance. This anomaly is a redistribution of energy of forbidden diffraction 
modes of higher orders among the lower ones, so it negatively affects the 
transmission properties of the polarizer. It can be shown that above a given 
minimum bending radius the degradation can be avoided. This degradation due to 
strong bending of the structure has been tested by bending the polarizer. Equation 
(8) in [132] 
𝑅 > 𝑅𝑚𝑖𝑛 =
𝑆𝑊𝐺𝑃
2 𝑎𝑟𝑐𝑠𝑖𝑛|𝑛𝑠−𝜆 Λ⁄ |
  (1) 
With SWGP (Single Wire Grid Polarizer) dimension and Λ representing the pitch 
structure, states that the radius of the polarizer can be calculated in order not to 
incur in the anomaly in a specific frequency band. With a radius of curvature of 2.25 
cm, frequencies below 454 GHz will show degradation due to this effect and a 
decrease of 7% in the ER peak amplitude was experimentally observed. 
2.3.3 Conclusion 
In this section, a low-tech and cost-effective method to easily develop polarizers 
in the THz band has been proposed. This approach is based on common, 
inexpensive and easily available materials. The combination of high electrical 
conductivity and good wettability makes EGaIn24.5 an efficient, low-cost and no 
toxic conductive ink that allows direct drawing of THz polarizers on flexible 
substrates. This approach could also be employed to draw other components such 
as THz mesh filters. Besides increased robustness in terms of normal and shear 
stress, the flexibility of both substrate and metal alloy offers the capability of 
implementing flexible electromagnetic components. Better performance in terms 
of repeatability (and therefore bandwidth) could be reached through the use of a 
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more complex method for ink delivery based on hardware and software 
modifications on affordable commercial printers [133]. 
This work was published in M. P. M. Colleoni and B. Vidal, "Flexible Sub-THz 
Metal Wire Grid Polarizer Based on an EGaIn24.5 Alloy," in IEEE Transactions on 
Terahertz Science and Technology, vol. 6, no. 5, pp. 757-759, Sept. 2016. 
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2.4 Printing sub-THz wire grid polarizers using a composite liquid 
metal ink 
In the following, another fabrication method for EuGaIn24.5 based polarizers is 
described. A specific printer is indeed able to directly deposit the alloy on a suitable 
flexible substrate, reproducing the desired pattern with sub millimetre resolution. 
2.4.1 EGaIn24.5 based polarizer fabrication: printing 
A set of four THz polarizers was fabricated using a liquid metal printer [133] 
shown in Fig. 20.  
 
Fig. 20: Photo of the liquid metal printer based on the tapping-mode technique at room 
temperature. 
Contrary to other expensive and power consuming techniques, such as the 
dispensing method for insoluble semiconducting materials or the laser sintering for 
inks based on metals with high melting point, the EGaIn24.5 ink can be delivered by 
liquid metal printer, based on a tapping-mode technique at room temperature. The 
alloy ink flows through a channel, in the printer cartridge, at specific pressure and 
speed till it reaches a roller ball, located just before the tip of the channel. The 
tapping motion of the channel, together with the rolling of the roller bead and the 
gravity effect, ensures a uniform ink outflow and a smooth deposition process. The 
key factors include an optical sensor that detects the distance between the roller 
bead and the printing substrate to adjust the tapping motion with a computer 
feedback mechanism, avoiding blurring and ink removals, and also to the relative 
planar simultaneous X-Y displacement of the printing head and the substrate. This 
method allows the printing of extremely detailed patterns encoded in any format, 
with a resolution of 100 µm, at a printing speed of 0-400 mm/s and printing 
pressure 0-800 g. Many materials such as PVC and PET are suitable for EGaIn24.5 ink 
deposition using this liquid metal printer. Their combination with the alloy ink 
creates a flexible structure able to resist to mechanical stresses, keeping its 
properties unchanged. 
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The general scheme of all the polarizers is sketched in Fig. 21. 
  
(a) (b) 
Fig. 21:a) Top view and b) perspective view of the array based structure: p=pitch, a=wire width, 
w=wire thickness, s=spacing, t=substrate thickness. 
An incoming THz beam with a component of the electric field parallel to the 
rejection axis induces a current in the wires due to the electrons that are allowed 
to freely displace along its entire length. As a consequence, only little energy is 
transmitted through the array, resulting in a reflected wave, rather than in a 
transmitted one. On the other hand, the THz wave is transmitted with little 
absorption when the THz electric field vector is parallel to the transmission axis. 
Inspection with an optical microscope of the fabricated polarizers was 
performed to assess the fabrication procedure. A wire width and pitch of the first 
polarizer (P1) was estimated in (79.566 ± 18.825) µm and (300.624 ± 27.494) µm 
respectively, whereas the second polarizer (P2) the same parameters were (93.652 




Fig. 22: a) Image of the bendable nominal 300  µm pitch and wire width w of 80 µm metal wire 
grid polarizer obtained with an optical microscope and b) photograph of the full structure. 
2.4.2 Experimental results 
A home-made Time domain Terahertz set up (THz-TDS) was used to test the 
polarizing performance achieved by the fabricated structures. All the polarizers 
were tested with the following procedure. Each one was individually stuck on a 
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rotational holder placed in the focal plane of described set up. The evaluation of 
the Extinction Ratio gave the performance level of the wire grid polarizers. The 
maximum transmission condition is achieved when the electric field of the 
impinging THz beam is perpendicular to the wire direction, i.e. it is parallel to the 
transmission axis of the polarizer. On the other hand, the minimum transmission 
condition is obtained when the THz incoming electric field is parallel to the wire 
direction, i.e. to the rejection axis (see Fig. 21 a). 
Fig. 23 shows the comparison between experimental results and simulations 
driven with CST Microwave Studio software, for the two polarizers with nominal 
pitch of 300 µm and 200 µm. 
  
(a) (b) 
Fig. 23: Experimental results and simulations of the fabricated structures. a) p= 273  µm, a= 90  
µm, w= 30 µm σ= 3.4x106 S/m; b) p= 225 µm, a= 90 µm, w= 30 µm, σ= 3.4 x 106S/m. 
The polarizing structures were simulated in the frequency domain in a normal 
background condition and with unit cell boundary conditions. The structure design 
was reproduced respecting the polarizers' geometrical parameters where possible. 
An estimated wire thickness of 30 µm was simulated after considering that the skin 
depth of the alloy is estimated in approximately 0.737 µm at 0.150 THz. 
Experimental results and simulations show slight discrepancies probably related to 
some irregularities in the pitch or in the deployed alloy quantity along the wire, that 
reduce especially the efficiency of the minimum transmission condition. 
Further the performance of the polarizers of 200 µm pitch was tested also by 
using them in an analyser configuration. One polarizer is put in the focal plane of 
the bi-convex lens, whereas the second one is put in the collimation path in front 
of the detector PCA. The transmission is measured as the angle between the 
transmission axis of the two polarizer is changed. Results are shown in Fig. 24 and 
they corroborate the idea that the structure only partially polarizes the THz 
incoming electric field, showing indeed almost no difference between the minimum 
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transmission condition and the configuration in which the electric field vector forms 
a 45 degrees angle with the polarizer transmission axis. The check of the Malus' law 
confirms this shortcoming as the angles between the transmission axis of the 
polarizer approach zero. 
  
(a) (b) 
Fig. 24: a) Results of transmission in the analyser configuration of the second set of polarizers 
with pitch of about 200 µm, depending on their relative angle position. Comparison with air and PVC 
transmission. b) Malus' law check. 
Finally, their flexible properties have been calculated, by means of equation (1), 
yet in this case periodicities of 0.2mm and 0.1 mm have been considered. Thus, for 
the 0.2mm-pitch polarizer, degradation for frequencies higher than 0.75 THz will be 
seen for radius of curvature higher than 56.6 mm, whereas in the case of the 
0.1mm-pitch polarizer the same happened at 1.5 THz with a minimum radius of 
curvature of 153.3 mm. 
2.4.3 Conclusion  
An innovative way to achieve a sub-THz wire grid polarizer has been presented. 
An ink-jet printer modified to selective deploy the electronic eutectic GaIn24.5 on 
PVC substrate was employed for directly writing sub-THz polarizers. Two sets of 
polarizers with different pitches were printed and its transmission ratio was 
measured in two key positions to calculate the corresponding ER. Results show that 
an ER up to 14 dB is achieved, ensuring a good polarizer behaviour. Furthermore, 
the set of polarizers with shorter pitch is also tested in the analyser conditions, 
revealing some shortcomings of the printed structure, probably due to the irregular 
amount of alloy along the deposited wire or in the pitch reproducibility. So that 
further studies are required in order to improve polarizing performance at smaller 
angles in the analyser configuration, where the angles formed between the 
transmission axis of the two employed polarizers approaches zero. Additionally, the 
2. Dielectric substrate-based polarizer 
 
41 
fabrication method can be extended to print other passive components such as 
filters. 
This work was published in: Margherita M. P. Colleoni, Qian Wang, Jing Liu, and 
Borja Vidal "Printing sub-THz wire grid polarizers using a composite liquid metal 
ink", Proc. SPIE 10103, Terahertz, RF, Millimetre, and Submillimetre-Wave 
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 Fast quantitative characterization of defects with 
fixed-delay THz sensors 
As described in Section 1, there is a strong interest in widening the range of 
applications of THz waves and one of the areas that is getting more and more 
attention is related to non-destructive testing and monitoring in industrial 
applications. 
This section is devoted to the application of Terahertz system in the industrial 
quality control operation, one of the most promising application of this technology 
so far. 
3.1 Fixed delay sensing 
Inspection time can be considerably reduced if Optical Delay Line (ODL) scanning 
is avoided in applications where single point measurement provides enough 
information [3]. Thus, instead of detecting defects from the time-domain THz trace, 
the ODL can be fixed at a given time position in such a way that optical pulses at 
the receiver antenna sample always the same point of the THz pulse. Therefore, 
small changes in the time-of-flight of the pulses can be measured from variations 
in the current signal in almost real-time. By monitoring deviations from the known 
signal, it is possible to detect defects and therefore determine which items should 
be discarded. 
The concept of fixed-delay techniques to enhance the speed of THz 
measurements was proposed in 1D in [21] to monitor changes in additive content 
in the compounding of polymers. Recently, the option of excluding the scanning 
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delay line, with the aim of further speed up the packaging scanning have been 
proposed to keep on paving the way to the THz industrial applications [134]. 
In this section, the extraction of information from defects in samples made of 
non-polar non-dispersive dielectrics (such as plastic, ceramic, glass, composites) 
using a fast fixed-delay configuration in a THz photoconductive platform is 
investigated. 
  




3.2 Principle of operation 
In pieces made of materials with relatively constant optical parameters, defects 
such as dents, voids, protrusions and contaminations within the THz beam result in 
a change of the effective refractive index and consequently an Optical Path 
Difference (OPD), i.e. a change in the Optical Path Length (OPL) given by ∆𝑛∆𝑑.  
This variation in OPD translates into a change in the time delay ∆𝑡 experienced 





where ∆𝑛 is the difference in refraction index between the core material and the 
defect, ∆𝑑 is the depth of the defect and c is the speed of light in vacuum.  
 
Fig. 25: The OPD experienced by the THz pulse varies depending on whether there is a 
mechanical defect inside a dielectric piece. The pulse is accelerated or retarded, according to the 
nature of the defect, i.e. on Δn. The dashed line indicates the fixed time position. 
As mentioned in Section 3.1, instead of conventional time-of-flight 
measurements from the THz pulse trace, the ODL can be kept at a fixed time delay 
to boost acquisition time. Thus, defect information is extracted from the time-
dependent current signal, as shown in Fig. 26. If the reference sample is known, this 






Fig. 26: Fixed-point rapid THz measurement concept and range of measurement. 
To relate current to time changes, a complete trace of the THz pulse is firstly 
obtained in a homogeneous portion of a reference sample. Under the assumption 
that the only change experienced by the pulse will be in terms of time shift, the 
reference signal will allow to associate an OPD to each measured current value. To 
accomplish this assumption, the reference pulse data is fitted by a fourth-degree 
polynomial in the opposite axis of the original measurement (Fig. 27). 
 
Fig. 27: Polynomial fit to the range of current values involved in the measurement. Axis are 
exchanged respect to the original measurement allowing for direct conversion from current to 
delay. 
In addition to the detection of the presence of defects, the method can also be 
used to extract information from the distinctive current profile induced by the item. 
The sign (direction) of the time shift experienced by the THz pulse provides 
information about the nature of the defect. Pulses shifting towards left indicate 
samples with scratches or internal voids, whereas a bump on the surface of the 
sample will shift the pulse towards right. Contamination with materials with 
different refraction index can also be detected in this way. 
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Furthermore, the volume of the defect can be estimated. OPD changes are 
related to the variations in refractive index occurring in the volume defined by the 
THz beam spot area and the defect thickness. The relation between the change in 
time delay caused by the defect and its volume can be estimated using an effective 
medium approximation (EMA). The refractive index of the medium 𝑛𝑒𝑓𝑓 
experienced by the THz beam could be described by Wiener bounds, where 
maximum screening of a microstructure is considered [7]. In this case, the effective 
refractive index would be 𝑛𝑒𝑓𝑓 = 𝑓𝑟𝑒𝑓𝑛𝑟𝑒𝑓 + 𝑓𝑑𝑛𝑑 where 𝑓𝑟𝑒𝑓 and 𝑓𝑑 are the 
volume fractions of the reference and defect material inside the considered beam 
volume and 𝑛𝑟𝑒𝑓 and 𝑛𝑑 are their corresponding refractive indexes. Then, assuming 
that usually the composition of the object sample is well-known and that the main 
degradation is due to internal voids filled with air, it is possible to set 𝑛𝑑 = 𝑛𝑎𝑖𝑟 =
1 and 𝑓𝑑 = 𝑓𝑎𝑖𝑟. Since the volume fraction must add up to one, the effective index 
can be expressed as: 
𝑛𝑒𝑓𝑓 = 𝑛𝑟𝑒𝑓 + (1 − 𝑛𝑟𝑒𝑓)𝑓𝑎𝑖𝑟. (3) 
The volume fraction of the void 𝑓𝑎𝑖𝑟 is the ratio between its volume and the total 
problem volume. For a circular gaussian beam, this volume can be approximated 
by a cylinder with a radius 𝑟𝑠𝑝𝑜𝑡 and a depth d as the defect thickness 𝑓𝑎𝑖𝑟 =
𝑉𝑎𝑖𝑟/d𝜋𝑟𝑠𝑝𝑜𝑡
2 .  
By combining expressions (2), (3) and the above definition of the defect volume 
fraction 𝑓𝑎𝑖𝑟, the volume of the void inside the spot can be described as: 
The variation of the thickness of the sample ∆𝑑 along the scanning path can be 
obtained with this technique as well, so that a touchless profilometer can be 
implemented. In fact, the thickness variation ∆𝑑 can be related to the time delay 
variation ∆𝑡 by substituting  ∆𝑛 = 𝑛𝑟𝑒𝑓 − 𝑛𝑎𝑖𝑟 = 𝑛𝑟𝑒𝑓 − 1 in (2), obtaining: 
3.2.1 Performance analysis 
The resolution of the technique depends on the minimum change that can be 
detected in the current signal, which in turn is limited by noise as well as by jitter 
from the laser and the ODL. To assess the minimum current change that can be 
𝑉𝑎𝑖𝑟 =











detected in the experimental setup, long-term measurements of current amplitude 
at a fixed time delay were performed (see Fig. 28). After stabilization, a maximum 
change of 41 pA over a seven-hour time period is recorded. As it can be seen in Fig. 
28, it is quite sensitive to temperature, so the optical source needs to be in a place 
with controlled temperature. Fortunately, thanks to optical fibre, it can be located 
far away from the sensor head [135]. 
 
Fig. 28: 7 hours long-term measurements of current amplitude at a fixed time delay. Pink line 
refers to current amplitude fluctuations (left axis), whereas green line indicates the temperature 
variations (right axis). The abrupt fluctuation could be related to the temperature variation. 
This stability translates into a delay change that depends on the slope of the 
temporal pulse. The current setup produces pulses with a slope of 0.13 ps/nA (Fig. 
27) and a collimated beam spot with radius at 1/𝑒2 of 7.25 mm which gives a 
minimum volume detection of 0.44 mm3. 
The theoretical maximum detectable volume is bounded by the maximum delay 
measurable at the edge of the pulse, as shown in red in Fig. 26. Beyond this range, 
if the type of potential defect is known, e.g. due to knowledge of the fabrication 
process all defects might be voids, it is possible to notice that there is no sample   
or if it is defective but not to extract information about the defect. Another limit on 
the maximum measurable defect volume, is given by the validity of the effective 
medium approximation. 
Effective medium theory is used to describe heterogeneous media whose 
components are mixed at subwavelength scale. In the present approach, the 
underlying physical phenomena is the interference between two pulses very 
slightly delayed one respect to the other. One of them crosses the uniform 
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reference material and the other one goes through the defect; therefore, each 
pulse experiences a different delay. If the defect is comparable in size to the beam 
spot, this interference would deform the pulse and make the fixed-time-position 
technique invalid. The assumption regarding changes in the THz trace being caused 
only by time delays is valid for a range of defect sizes. Since the beam over the 
defect is being attenuated by scattering, the slope of this THz pulse is smaller than 
in the homogeneous reference. Associating a time delay to the measured current 
using the reference pulse will underestimate the delay change produced so that 
∆𝑡𝑟𝑒𝑎𝑙 = ∆𝑡𝑟𝑒𝑓 𝛼⁄ , where 𝛼 is the relative attenuation between reference pulse 
and pulse over the defect. The effect of this fact on the approximation was 
estimated by measuring full traces over the largest defect in the set considered for 
this paper and a value of 𝛼 = 0.9 was obtained. This means that, at most, an error 
of 10% is being committed due to scattering effects. 
Using this fixed-delay approach, acquisition speed can be fast. For example, 
using a conventional lock-in amplifier for data acquisition, with a time constant of 
30 ms, and considering a typical speed of a conveyor belt, 3.2 m/min [136], one 
measurement can be recorded at 1.6 mm spatial intervals. Being based on 
measuring OPD, this method is insensitive to changes in the position of the sample 
along the THz path. 
 
Fig. 29: Potential application of the concept of the single-element fixed-delay method in an 
industrial environment. 
3.3 Experimental results 
Tests have been done to validate the feasibility of the technique using the setup 





Fig. 30: Sketch of the measurement setup and the movement of the hypothetical defective piece 
through the optical system. 
As the rest of THz characterizations in the Thesis, it is based on an all-fibre Time 
Domain Spectroscopy (TDS-THz) setup based on photoconductive antennas in 
transmission configuration. The basic setup was modified to include two 
translational stages mounted perpendicular to the THz optical path to reproduce 
the transverse displacement of a sample. The sample falls on the first collimated 
area of the optical system defined by L1 and L2, as depicted in Fig. 30. 
3.3.1 Void detection and characterization 
A first test of the capability of the method to identify the presence of a void was 
carried out. A translucent polypropylene (PP, refractive index 1.498 [1]) piece has 
been drilled to create a small channel of (1.29 ± 0,09) mm in its interior (see inset 
in Fig. 31). Then, the sample crossed the THz spot (transverse direction). Fig. 31 
shows the current profiles of both samples. The current profile of the reference PP 
sample kept a uniform height along the scanning direction, corresponding to the 
reference sample. On the other hand, the current amplitude of the defective piece 
showed an irregular trend with a drastic drop compared with the homogeneous 
sample at about 6 mm from the left edge. 
  




Fig. 31:  Current profile along the dimension in the x direction for the reference sample (black 
solid line), for the defective piece (red dashed line). Inset: defective piece with an inner drilled 
channel filled with air. 
Further experiments have been carried out on samples of methacrylate, with a 
refractive index of 1.65, with voids of different sizes. The volume of these defects 
has also been estimated using Optical Coherence Tomography (OCT).  
As an example, the delay derived from the measured current trace is shown in 
Fig. 32 for a void of specific size. 
  
(a) (b) 
Fig. 32: Time delay measured when scanning over two defects of different volumes. a): 0.90 
mm3, b): 2.10 mm3. Insets: Tomographic (top) and optical (bottom) images of the defects with an 
estimation of its dimensions. 
To estimate its volume, the delay measured at the maximum of the delay profile 
from scans of seven defects has been correlated to their real volume. In Fig. 33, a 
good linear correlation can be observed for all but the last defect. This is mostly due 
to the reasons explained in Section II and mark the upper volume limit of the setup. 
Similarly, below 0.5 mm3, no measurement was possible. For the first six points, a 
linear fit can be performed, and its slope can be related, using (4), to an estimate 
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of the beam radius. A value of (5.7 ± 0.5) mm is obtained, close to the measured 
1/e2 radius. 
 
Fig. 33: Delay variation measured at the top of the current profile for each void versus its actual 
volume measured with OCT imaging. Fit excludes the point with the largest volume. 
In Fig. 34 the overall process is shown for the sake of completeness. 
 
Fig. 34: Summary of the overall process followed to estimate the defect volume. The estimation 
of the volume of the defect is compared with its direct measurement (parameters inside the 
square). 
3.3.2 Thickness measurement 
The next measurements were intended to test the capability of the setup to 
sense thickness changes along the sample. To accomplish this, a second 
methacrylate sheet 5.18 mm thick with homogeneous surface was placed in the 
way of the THz beam and scans like in the previous experiment were performed. 
This time, however, to prevent the beam from going over the edges of the sheet, 
the measurement was carried out in the focused zone of the setup where the beam 
radius is smaller at 1.5 mm. After that, the thickness of every point relative to the 
thinnest one was computed using (5). Then, a calliper with micron resolution was 
used to measure the sample thickness along the same path followed in the THz 
scan. Fig. 35 shows the comparison of the two methods showing good agreement 
between them. 





Fig. 35: Thickness measurement performed along two paths in a transparent methacrylate 
sheet. 
3.4 Conclusion 
The potential of a fixed-delay configuration for the characterization of defects 
through THz waves has been investigated. It has been shown that, in some ranges, 
it can be used to estimate the void volume as well as changes in thickness of the 
sample. Avoiding the need to record the entire THz trace, the measurement time is 
reduced, and valuable information are extracted. This approach can be useful for 
inline quality control equipment in some industries to replace more complex tools 
such as those based on radioactive sources. Further work is needed to test the 
method in relevant environments. 
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 Dielectric - based beam profiler 
 
he upsurge of Terahertz applications in several scientific and 
technological fields has boosted the need of better understanding of T-
rays quasi – optical propagation features as well as their spatial 
distribution. It is well-known that misalignment in the optics elements and a poor 
beam shape could lead to bad results, with narrowed spectral bandwidth detection.   
There are no ad-hoc techniques for THz beam profiling, thus optical methods 
have been borrowed and partially adapted. However, some issues must be 
considered, especially when investigating sub – wavelength spatial resolution, 
when the system exhibits strong diffraction. 
4.1 Beam profiling fundamentals 
Beam profiling has become a routine procedure in a wide range of optical 
systems. In 1971, Arnaud et al. [137] described the first Knife Edge (KE) method to 
quickly and accurate measure the beam waist of a gaussian beam,  and since then 
several techniques have been proposed. Other systems include optical imaging of 
the focused spot and a computational determination based upon interferometric 
measurement of the far field pattern [138], ray tracing, multiphoton ionization and 
fluorescence correlation spectroscopy [139], but these gradually fell out of favour 
because they were either too complicated or constrained by specific experimental 
procedures. Therefore, more affordable methods were preferred and nowadays, 
beam characterization is mainly performed using camera-based systems or 
T 
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aperture scanning methods. Next, a brief review of the most common beam 
characterization methods is provided for THz beams. 
Camera-based systems , being routinely used in optical wavelengths, are still an 
issue for beam profiling in the THz range due to the larger wavelength of THz waves. 
They enable real time results and avoid mechanical parts [140], albeit their use 
implies in most cases a rearrangement of the existing set up [141]. So, in the THz 
range the use of cameras of beam profiling is rather limited, except for specific 
commercial products [142], [143], [144]. Pixel pitch is generally limited (commercial 
products show values around 1.5 mm, although sensors with a pitch of 23.5 µm 
have been published [144]). In addition, the operational bandwidth is reduced, 
covering mainly below 500 GHz and high-power levels are required.  In parallel, in 
electrooptic based THz systems (free space) it is possible to perform spatio-
temporal measurements of the focal plane performing a 2D THz detection and 
launching the 800 nm signal modulated with THz information to an imaging systems 
such as a CCD (Charged Coupled Devices) [141].Camera-based systems tend to 
suffer from constant re-alignment of the optical source when 2D electro-optic 
systems are used and small dynamic range in THz cameras. 
The alternative common approach is based on aperture scanning techniques, 
i.e. knife-edge, slit and pinhole [145]. Each of them has its own benefits and 
disadvantages, but their almost straightforward application makes their presence 
widespread in laboratories. The underlying idea is to scan a paraxial beam by 
stepwise blocking it with an opaque metallic screen with an aperture or edge that 
allows to pass only a small amount of radiation that reaches the detector. The 
pinhole and slit methods suffer of inevitable trade-off between the desired high 
spatial resolution, that is achieved by reducing the aperture size, and the 
transmitted intensity [145]. 
Firester et al [138] in 1978 described the knife edge (KE) method for optical 
wavelengths. It consists in measuring the power not occluded by the razor blade as 
it moves in a direction perpendicular to the beam propagation, by simultaneously 
recording its position with a power or energy meter. The amplitude of the 
unmasked radiation is plotted against the displacement in an error-function curve 
and finally the beam profile is retrieved by differentiating it with respect to the 
position. This last point could be a source of error since each fluctuation would be 
amplified, resulting in an inaccurate output [150]. Besides, mechanical movements 
suffer from irregularities and limitation, so that anomalies are inevitable. 
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Later, a similar procedure was proposed based on a slit. It was theoretically 
studied by Mata-Mendez et al. 1983 [146], [147] and McCally et al. 1984 [148] who 
demonstrated the method by scanning a beam with a narrow slit, getting its 
gaussian profile. Mylonakis et al 2018 [149] studied the negative version of the 
actual aperture-based technique, since they obtained the optical beam profile by 
spanned it with a thin opaque round wire, a technique that could be employed as 
long as the shape of the beam is well-known. They took the ratio between the 
minimum and total output power and directly attained the beam profile. Fig. 36 
depicts the three described aperture scanning techniques. 
 
   
(a) (b) (c) 
Fig. 36: Sketch of the most common aperture scanning methods (from left to right) the pinhole, 
slit and KE. The beam profile is recorded by progressively blocking part on the incoming wave and 
letting pass a small portion of the signal that reaches the detector . 
These techniques originally developed for optical signals can be applied to 
Terahertz frequencies [150]. 
Thus, the KE can be used to characterize THz beams. This method is not limited 
by beam intensity, yet it requires aberration corrections when characterizing 
subwavelength no - paraxial beams with coupled spatial and temporal fields [151]. 
The slit and pinhole methods can be employed as well although more 
implementations of the latter can be found in the literature. Bitzer et al. 2007 [152] 
put a pinhole onto a gimbal-mounted terahertz mirror, that rotated with respect to 
a stationary detector. Molloy et al. 2011 [150] firstly imaged a THz beam by raster 
scanning it with a small circular aperture that crosses the beam path by means of 
mechanical translation stages in x and y directions. They partially mitigated the loss 
of intensity by experimentally choosing a suitable aperture dimension, but to locate 
the pinhole at the centre of the beam was still troublesome. 
An alternative implementation of the pinhole can be achieved by swapping the 
moving and fixed elements. Jepsen et al. 1995 [153] scanned the terahertz beam 
generated by a large aperture photoconductive antenna with a similar detector 
hold on a translational stage. This implied the constant re-alignment of the system, 
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that is generally not recommended in such sensitive configurations. Thirteen years 
later, Bitzer et al. 2008 [154] slightly adjusted this approach creating a periscope, 
i.e. not only the detector chip itself moved, but the entire detection unit, focusing 
lenses included. They were mounted on two separated translational stages and 
displaced with respect to the fixed elements of the set up. Elmabruk et al. 2019 
[155] recalled the same principle and applied it in a fibre-based system. He moved 
the detection antenna and, since the optical path difference between the 
generation and detection arms of the setup were continuously changing, it was 
constantly compensated by the different time delays introduced by the optical 
delay line. The Hartmann test, an established technique mostly used to study 
aberrations in the primary mirrors of telescopes, was also employed to measure 
the profile of a wavefront in the terahertz band, in particular its deviation from the 
propagation axis [156]. 
All the methods presented so far rely on using a metal to spatially block the 
radiation in order to determine the spatial distribution of the beam. Here, we follow 
a different approach. What would happen if in pulsed THz system a dielectric is 
used to determine the spatial distribution? It can be hypothesized that it could help 
to overcome the loss of energy associated with blocking the beam. 
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4.2 Principle of operation 
Three basic assumptions of all aperture methods are that the incident beam is 
paraxial, there are no losses and the blocking structure is made of a perfect 
conductor [157]. Here, we depart from this last paradigm and, unlike previous 
schemes, the use of dielectric-based slit beam profiler for pulsed beam is 
researched. Similarly, other techniques such as KE and pinhole can be 
implemented. 
In a dielectric beam profiler, the underlying mechanism is different from 
conventional metal-based schemes. For KE and certain slit and pinhole dimensions 
the effect of introducing two different dielectrics in a pulsed beam results in the 
split of the pulse in two temporal pulses each one associated to one spatial region 
(Fig. 37). Analysis of the Fourier spectra when the second small pulse appears shows 
that both spectra decay almost at the same frequency (Fig. 38). 
 
Fig. 37: Measurement of the split of the pulse into two temporal pulses due the presence of a 1 
mm width dielectric slit. 
  
(a) (b) 
Fig. 38: a) Comparison of the Fourier spectra of the main and secondary pulses on the slit edge. 
In a) red line represents the frequency spectrum of the main pulse, whereas the green line 
corresponds to the delayed pulse. In b) the blue line represents the Fourier spectrum of the whole 
pulse. Inset: the temporal trace on the dielectric edge position. 
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Thus, the temporal trace that is measured changes when the slit is swept across 
the beam. The energy of the pulse should be conserved if it is the only phenomenon 
involved. Thus, the impact of diffraction must be taken into account. 
It was previously studied that high contrast images could be achieved by taking 
advantage on destructive interferences induced by diffraction where a dielectric 
edge of certain height was present [158]. In the Thesis, a dielectric slit is used to 
resolve spatial feature of the THz beam. For this reason, slits of different width, a, 
were considered. In every case, the width was narrower than the beam waist (see 
Fig. 39), which was estimated to be approximately 2 mm in the focus and 10 mm in 
the collimated areas. 
 
Fig. 39: Sketch of the dielectric and metal slit with an incident gaussian beam. 
4.3 Diffraction 
Diffraction has been studied to clarify its role in the dielectric-based beam 
profiler. The models detailed in Annex I were the starting points for the simulation 
of the behaviour of a plane wave incident on dielectric and metal edges. Models 
were adapted to describe the behaviour of slits, with slabs made of a dielectric as 
well as metallic slabs for the sake of comparison, with variable width and a fixed 
thickness d of 1 mm, at normal incidence (𝛼 = 𝜋 2⁄ ). The resulting field at a point P 
behind the screen was calculated as the sum of the field scattered by each edge. 




Fig. 40: Model of the slit simulation, both metal and dielectric. 
For the dielectric model, the field can be approximated by: 
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And for the metal model by: 
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Where: 

















This last model for the metal slit does not consider the edge thickness as a 
parameter of interest since previous studies proved that the edge parameters, 
height included, did not affect the final interference pattern [159]. However, in a 
metal slit, thickness could induce transmission losses if it behaves as a metal 
waveguide. Bromage et al., 1997 [160] highlighted the role of the thickness of a 
metal slit since it contributed to the shaping of the THz pulse. This parameter 
enabled the switch between two possible operational modes of the metal slit that 
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have the same effect of filtering part of the spectral band of the incident beam. This 




















, 𝜈 ≤ 𝜈𝑐
    (10) 
with 𝜈𝑐 =
𝑐
2𝑎⁄  as the cut – off frequency, and 𝑇(𝜈) = 𝑒
𝑖𝛽(𝜈)𝑑.  
Two scenarios can be considered when: 
▪ 𝜈 > 𝜈𝑐, β is real and the mode propagates through the waveguide (slit) 
▪ 𝜈 ≤ 𝜈𝑐 (𝜆 ≥ 𝜆𝑐), β is imaginary and the mode is evanescent 
If  𝑑 ≫ 𝜆𝐶 = 2𝑎 , the power of the frequencies 𝜈 < 𝜈𝑐 dramatically decreases 
converting the slit into a low pass filter in which frequencies higher than the cut off 
frequency would experience strong transmission losses and would not be 
transmitted. For example, a slit width of 0.05 mm will lead to a 𝜈𝑐 of 3 THz. 
Nevertheless, in the present work THz pulse signal is assumed to have energy 
mainly below 3 THz. Therefore, the only losses are due to diffraction, since it is not 
operating in the waveguide regime. 
 
4.4 Numerical simulation 
The proposed theoretical models were simulated to assess the performance of the 
beamprofiler. Simulations were made with a fixed thickness d of 1 mm, for normal 
incidence (𝛼 = 𝜋 2⁄ ) for frequencies from 0.1 THz to 1 THz, with slit widths from 0.1 
mm to 1 mm, with 0.1 mm step. Dielectric refractive index was chosen to be 1.6 
since measurements were performed with PMMA. Fig. 41 collects simulations of a 
THz pulse as it approaches and crosses a metal slit (Fig. 41 a) and c) top and side 
view) and a dielectric slit of 0.5 mm-width (Fig. 41 b) and d) top and side view), 
following the model described in section 4.3. Comparing these results with the 
theory exposed in Annex I, it can be clearly noticed the effect of diffraction in the 
dielectric slit as d-waves (see Annex I) are generated with the characteristic 
parabola shape, one per each edge and the resulting interference pattern is shown. 
These studies will be useful to define the potential of the dielectric slabs as beam 
profilers, since the interference pattern in the region behind the slit will determine 
the energy available for the beam scanning. 
 
 












Fig. 41: Results of the simulation of the sum of THz as it propagates through a slit with an 
aperture of 0.5 mm-width. Top view of the propagation of the resulting pulse for the metal (a) and 
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(c) (d)  
Fig. 42: Results of the simulation of a single THz pulse just behind the slit of 0.5 mm width. Top 
view of the propagation of the resulting wave for the metal (a) and dielectric slit (b) and evolution of 
the THz pulse across a line parallel to the y-axis (c), (d). 
 
If a closer look is given to one specific pulse, simulations show that the dielectric 
slit splits the main pulse into two smaller pulses, as experimentally verified (see Fig. 
37 and Fig. 42 from a) to d)). 
As previously described, one of the effects of the dielectric slit is to split the main 
pulse into two. Thus, frequency - wise the dielectric slit is inducing a filter response 
in which part of the frequencies are attenuated. Finally, in order to assess the 
quantitative differences with the two methods, simulations were performed to 
assess the slit behaviour in the frequency domain, as the dielectric slit acts as a filter 
depending on its width, on the slab thickness and the refractive index they are 
made of. 




Fig. 43: Comparison of the contribution of each frequency to the field after having crossed the 
slit for an aperture of 0.5 mm. 
As displayed in Fig. 43, a different behaviour is expected for slits created from 
both materials, where the output amplitude has been normalized to the maximum 
output power of the pulse after the dielectric slit. In the case of the dielectric slit, it 
is clearly noticeable that the signal has been filtered. At 0.24 THz, the amplitude is 
strongly suppressed, due to the destructive interference induced by the step phase 
related to slab thickness (see Eq. 13). Furthermore, it is interesting to point out that 
frequencies above approximately 0.34 THz show higher fields values after the 
dielectric slit than in the metal one due to the different nature of the beamprofiling 
method. 
4.5 Experimental results 
The concept of using dielectric materials for beamprofiling has been 
experimentally explored. The profile of a THz beam from a pulsed THz-TDS system 
has been measured using dielectric slabs (PMMA, refractive index of 1.6) to form a 
slit and these results compared to the conventional metallic-based slit (Aluminium). 
Fig. 44 shows the beam profile of a pulsed THz beam measured with a slit width of 
approximately 0.4 mm. The beam profiler is placed in the second collimation area, 
that is between L3 and L4 (see Fig. 3 a). Similar values of beam waist, 1/e, are 
achieved with both methods showing the feasibility of the technique. The 
measured beam waist is 1.05 mm for the metal and 0.9 mm for the dielectric slit. It 
can be noticed that the intensity of the beam profile is higher for the dielectric slit 
than for the metal one due to the different nature of the approach.  




Fig. 44: Beam profile of the THz pulse measured with both metal (green dots) and dielectric (blue 
dots) slits. For both cases, the profiles are fitted with the gaussian shape and the radius at 1/e is 
calculated. 
A study has been performed to measure the dependence of the signal amplitude 
as a function of the slit width. It can be seen that, as shown in Fig. 45, the dielectric-
based slit allows the measurement of higher currents. 
 
Fig. 45: Experimental results achieved by measuring the maximum peak current of the THz beam 
as the profiler moves perpendicular to the propagation axis. 
As an additional test, the radiation pattern of the PCA emitter antenna has been 
measured to compare the performance of the conventional metallic slit and the 
one based on dielectric slabs. The detected pattern exhibits  similarities with the 
radiation pattern of the PCA emitter (See Fig 4 of [153]). Fig. 46 compares the 
results achieved with slits of both materials with an aperture of approximately 0.45 
mm. 




Fig. 46: Experimental results of the measure of the radiation pattern of emission of the emitter. 
Measurements with the total integral intensity suggested that a dielectric slit distinguishes more 
orders of secondary lobes and with slightly higher amplitude at a specific frequency of 0.3 THz. 
As it can be noticed, both methods show a similar beam pattern. Even, the 
dielectric slit seems to be able to enable the detection of one more order of 
secondary lobes, with even a slightly higher amplitude.   
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4.6 Conclusion  
The ability of a dielectric slit to act as a beam profiler was investigated and 
compared with the standard method. 
Simulations and measurements suggested that the proposed solution could 
perform well for the study of THz spatial features. Nevertheless, additional work is 
needed to further validate the method and extrapolate to other wavelength 
regimes. Other apertures could be designed, such as KE and pinhole to research 
their behaviour when made of dielectric material. Finally, measurements with 
dielectric materials with different refractive indexes and thicknesses should be 













The importance of the T-rays for plenty of fields and applications has been 
described and motivated throughout the Thesis and laid the ground for the 
researched work that was carried out. Measurements have been performed with 
an all-fibre THz-TDS system with two photoconductive antennas, that operate at 
the 1.5 µm, which allowed to make use of the excellent properties of the fibres in 
this band.  Researches gathered in the present work have been performed as to 
foster the use of the THz and to deepen in their knowledge. For this reason, the 
system has been used to firstly investigate the potential of alternative passive 
devices, in particular polarizers, to discriminate the polarization state of an 
incoming wave by using ordinary low-cost materials such as paper and graphite. Its 
absorption properties enabled dichroism effect and the performance result hint at 
the possibility of using such a device as a polarizer. 
Subsequently, another cost-effective approach has been presented to rapidly 
achieved flexible and inexpensive polarizers. In this case, EGaIn24.5 alloy proved to 
be an efficient, low-cost and no toxic conductive ink that allowed direct drawing of 
THz polarizers on flexible substrates (PVA), paving the way to its deposition by 
means of ad-hoc modified printers. In this way, repeatability and bandwidth could 
be better controlled, leading to improved performance of the final fabricated 
device. In fact, sub-THz wire grid polarizers were finally achieved, by selectively 
deploying  the alloy on PVC substrate. These researches aimed to provide rapid and 




measurement states of electromagnetic waves. The remarkable improvements in 
additive fabrication processes and their low-cost implementation are paving the 
way for their use in scientific applications, far beyond the fabrication of holder and 
bases for optical elements. Technology is almost mature enough to enable the 
printing of more complex passive components. In the next future it could be 
possible to print a sub millimetre THz polarizer, using a material with the proper 
electrical conductivity, avoiding the addition of metals such as gold or copper. 
As previously pointed out, THz are currently gaining presence in several 
industrial fields, since they turned out to be extremely appealing, thanks to their  
transparency to ordinary materials, such as fabrics, polymers and cardboards, that 
are mostly used as packaging. Therefore, terahertz waves raised interest as a 
potential tool for inline quality control equipment. In this work, the potential of a 
fixed-delay configuration for the characterization of defects through THz waves, 
avoiding the need to record the entire THz trace has been presented. Measurement 
time was reduced, and valuable information were extracted. Further work should 
be done to test the method in relevant environments, since this technique could be 
of interest in some industries to replace more complex tools. A more general 
approach could be investigated to apply the proposed technique to the 
identification of defects of different nature, both on the surface and inside a specific 
piece or industrial part. regardless the defect shape or material. Furthermore, it 
could be considered to substitute the current Gaussian beam with a cylindrical one, 
similar to a fan beam that would enable a single trace - single measurement. 
Finally, a method to deepen in the THz knowledge was investigated. The most 
popular scanning method currently available (camera-based and aperture scanning 
systems) exhibited both advantages and shortcomings, mainly related with the 
inevitable trade-off between their spatial resolution and the amount of energy that 
reached the detector. To overcome this issue, the use of a dielectric beam profiler 
was proposed and analysed. Simulations and measurements suggested that the 
proposed solution could perform well for the study of THz spatial features. 
Nevertheless, additional work is needed to further validate the method and 
extrapolate to other wavelength regimes.  
To sum up, passive dielectric-based devices and a technique to check dielectric 
components have been proposed as to increase THz component affordability and 
availability, as well as methods to make THz closer to the industrial, world. 
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CW. Continuous Wave 
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DFG. Difference Frequency Generation 
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D-wave. Dislocation Edge 
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EMA. Effective Medium Approximation 
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FDTD. Finite Difference Time Domain 
FEL. Free Electron Laser 
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ITO. Tin doped indium oxide 
KE. Knife Edge 
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I. Annex – Mathematical study of diffraction on the 
slit  
 
Despite the Huygens approach, in which the propagation of a front wave is seen 
as the superposition of the emission of secondary sources, a different approach was 
followed to describe the diffraction of a wave by a metal edge. In this theory, 
diffraction could be described as the superposition of a scattered edge wave or 
boundary wave, i.e. the obstructed part of the light and a geometrical wave, that is 
the unobstructed original wave. Sommerfeld first addressed this problem and 
rigorously solved mathematically the diffraction of a monochromatic wave by a 
perfectly conducting infinite half - plane. This solution had been largely recognized 
and several researchers refined it during the past century. However, Khizhnyak et 
al. 2000 [161] pointed out that there were still loose ends, since the Sommerfeld 
components of the wave, both the boundary and the geometrical, could not be real 
and propagate as real waves. Hence, Khizhnyak et al. 2000 filled the gap by 
describing the diffraction field behind the metal edge at a point P, 𝐸𝑧(𝑃), as a 
superposition of two wave components, one being the half amplitude of the 
incident plane wave and the other named edge dislocation wave (EDW) that 











𝑑𝜇     (11) 
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where U is the scalar length 𝑈 = 𝜎 {𝑘√(√(𝑥2 + 𝑧2) + 𝑧)} and σ is negative in 
the plane that contains the edge (the blue quadrant) and positive otherwise. This 
result is reproduced in Fig. 47 a). 
  
(a) (b) 
Fig. 47: Simulation of diffraction of a monochromatic wave by a semi-plane perfectly conducting 
(a) and dielectric (b) with ϕ=π phase step. The wave travels from top to bottom and impinges on the 
edge  
 
The same approach was later applied by Anokhov et al. in 2007 [162], where the 
perfectly conducting half plane was replaced by an infinite, optical thin dielectric 
edge. As in the first case, the resulting wave behind the edge was again the 
combination of two components, like those found in the case of the metal razor, 
albeit in this second case, neither absorbance nor reflection were considered, being 
a phase step the only effect induced by the edge on the wave. The signal power 
was preserved as it was completely transmitted, but the pulse underwent 
recombination, due to the interaction between the augend wave and the addend 
wave. The former was still a copy of the incoming wave with halved amplitude, 
whereas the second was the aforementioned EDW or dislocation wave (D-wave), 
since it had a dislocation edge on its front. The field in the plane behind the edge at 
a point P is reproduced in Fig. 47 b) for the case of normal incidence 𝛼 =
𝜋
2
 and it is 


















Where in this case 𝑈 = √2𝑘𝑅 sin [
(𝜃−𝛼)
2
] in cylindrical coordinates and 𝑠𝑖𝑔𝑛 𝑈 
is determined by the value of the function sin [
(𝜃−𝛼)
2
]. Therefore, 𝑈 > 0 for 𝜃 −
𝛼 > 0 and negative otherwise. 
There was a strong dependence between the wavelength of the incoming wave 
and the half plane thickness (or height), that led to three possible situations: 
▪ ϕ=0; ϕ=2π: no delay is induced, and the wave passes unaltered. 
▪ ϕ=π: the augend disappears and only the augend propagates behind the 
dielectric step. This specific wave has a dislocation edge in its front and 
it is called d-wave (diffraction and dislocation wave) 
▪ 0<ϕ<π; π<ϕ<2π: the resulting field is the combination of the types of 
wave, with an energy ratio that varies according to the delay ϕ. 
These theoretical results were applied by [158] to qualitative explain the 
enhanced diffraction edge effect that allowed to clearly distinguish a T shape cut in 
a dielectric sample, when illuminating with a pulsed THz beam, in spite of being 
made of the same material of the background sample. Again, the dielectric step 
induced a recombination of the THz pulse that crossed it, due to a phase delay that 
depended on the step thickness. Moreover, the presence of a dielectric material in 
the beam path induced a specific delay in each frequency component, and the pulse 
experimented a small deformation due to its recombination behind the slit area.  
Formula (3) of Wang et al., 2009 [158] allowed to control the phase delay of 





The proper dielectric thickness d or height plays the twofold role of ensuring to 
deal with a Gaussian beam in the focus plane, by being smaller than the Rayleigh 
length, and to know the selected frequency components that are going to suffer a 
phase delay of π. 
Results are gathered for the specific case of the slit simulation instead of the 
edge ones. Simulations with different frequencies for both materials with a fixed 
0.5 mm slit width are proposed in Table 1. In particular, the first line represents the 
case of a phase delay ϕ that lies between 0<ϕ<0.9π, the second line is the case 
ϕ=0.9π (corresponding to the d-wave condition in this case) and the last line is the 
frequency that corresponds to the ϕ=1.5π. 
 














Table 1:Results of the simulation of THz pulses with frequencies 0.108 THz, 0.244 THz, 0.379 THz 
for a slit width of 0.5 mm. 
 Simulations clearly show another effect related with this theory that is the 
modulation of the field of the impinging wave in the region in front of the slit, due 
to the diffraction effect. In fact, part of the field of the diffracted wave propagates 
towards the incoming wave. This so-called backward wave has a rapidly decaying 
amplitude, whose maximum equals A0 and it is located at the dielectric edge. 
 
